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Abstract
Plasma properties can be characterised with a multitude of diagnostic tech-
niques which are as varied as the many industrial applications that employ
them, from etching microchips to surface treatment and cleaning. A par-
ticular manufacturing technique may require a certain plasma characteristic
at a given condition. In order to get the necessary properties, other char-
acteristics must be fine tuned and monitored. In some cases there is an
offset in the degree of control and what can be measured accurately with-
out disturbing the overall process, thus the ability to monitor and control
these parameters is crucial. Of these parameters, the plasma density, n0,
the electron temperature, Te, the ion bombarding energy, Ei, and the ion
current density, Ji, are the most important quantities for processing plasma
applications. Monitoring plasma parameters is often difficult due to poor
access or operating condition limitations and so there is an ever-increasing
need for improved techniques. Electrical properties of plasmas can be mea-
sured relatively easily over a broad range of conditions however ion mass on
the other hand is generally only measured using mass-spectrometry. A novel
electrostatic probe, arranged so that a cylindrical probe is oriented normal
to a planar probe with a retarding potential applied to the normal and a
dc pulse to the other is investigated with a view to inferring ion mass. A
Retarding Field Energy Analyser (RFEA) is used to investigate Ion Energy
Distributions (IED’s) and to indicate the average ion mass in gas mixtures.
The goal of this thesis is to investigate methods for measuring mass and to
use this as feedback for process control.
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CHAPTER 1
Introduction
Plasma (the ’fourth state of matter’) was formally recognised by Crookes
in 1879 [1] when he observed the behaviour of electrified gases in evacuated
glass tubes. Plasmas are formed when electrons accelerated in electric fields
collide with neutral gas atoms resulting in excitation and ionisation. The
term ’plasma’ can be attributed to Irving Langmuir who along with Tonks
and Mott-Smith [2], conducted vigourous investigations of ionised gases and
developed the first electrostatic probe, now known as the Langmuir probe.
Since then, plasma properties have been characterised with a myriad of diag-
nostic techniques which are as varied as the many industrial applications that
employ them, from etching microchips to surface treatments and cleaning.
The aim of this thesis is to investigate methods of determining plasma-
generated ion species of different mass. Detection of ion species is important
in plasma processing as it is the flux and bombardment energy of ions that
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determine the effectiveness of a particular process [3]. Plasmas provide energy
to either sputter or chemically activate surface reactions and so can be used
for etching, surface activation/modification, cleaning or in the case of contact
lenses, deposition of optical coatings.
In order to get the desired properties from a particular process, the
plasma can be tuned, usually by varying power, pressure, gas flow rate,
radio-frequency (rf) or dc bias to a substrate. The most important plasma
parameters are density ne, electron temperature Te, ion mass mi, ion energy
εi and ion flux Γi. Most of these parameters can be measured, to varying de-
grees of accuracy, with electrostatic probes and numerous optical techniques.
Mass however, cannot be measured with standard electrostatic probes and is
generally measured with a dedicated mass spectrometer. Mass spectrometers
are large complex instruments that are costly and often difficult to install in
many industrial situations. These are described in more detail in chapter 2.
The ability to measure an accurate mass-spectrum of a plasma is very ad-
vantageous, and so, the goal of this thesis is to investigate simpler methods
of determining ion mass.
1.1 Thesis structure
This thesis begins with an introduction to rf discharges and some basic funda-
mentals of plasma physics. The diagnostics used to characterise the plasma
are briefly described, as are the models. In the second chapter, a mass spec-
trometer system is connected to a re-entrant type inductive reactor to inves-
tigate its use in real-time plasma process control. Further to the outcome of
that investigation, alternative diagnostics were investigated. Chapter 3 de-
scribes the experimental setup used for the remainder of the thesis. Chapter
17
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4 describes an alternative diagnostic to the mass spectrometer - the Ion Mass
Probe (IMP). This probe was designed, constructed and tested. Results were
compared with computer simulations. In chapter 5 experiments with a Re-
tarding Field Energy Analyser (RFEA) are reported. Models of ion energy
distributions (IEDs) are described and compared with experimental results.
Finally, the last chapter summarises this thesis with any conclusions drawn
and suggestions for future work.
1.2 Radio frequency (rf) discharges
Plasmas can be produced by a variety of methods, however, for low-temperature
plasma processing, capacitive and inductive radio-frequency (rf) power sources
are predominantly used. In both cases, various frequencies can be applied
typically in the range of 2 - 60 MHz including dual frequency or multiple-
frequency systems depending on the particular application. However, some
commercial systems employ frequencies much higher than this. The advan-
tage of multi-frequency sources is that plasma density and ion energy can be
controlled separately [4].
1.2.1 Capacitive coupled plasmas (CCPs)
The capacitive discharge configuration consists of two electrodes separated
by a finite distance within a vacuum chamber. An rf voltage is applied
between the two electrodes resulting in excitation and ionisation of the gas
with electrons being accelerated by the rf field causing a current to flow
through the plasma [5]. A typical CCP arrangement is shown in figure 1.1.
At high frequencies the wavelength of the signal affects power transmission
so 50 Ω coaxial cables are used in conjunction with a variable impedance
18
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Figure 1.1: A capacitively coupled plasma (CCP) reactor.
match box to maximise the power transferred from the source to the plasma.
The discharge impedance depends on the type of gas, pressure and power,
hence the match box impedance must be variable. The rf source is usually
50 Ω, so, the matchbox attempts to make the load, i.e. the plasma, appear
as a 50 Ω impedance. This enables maximum power transfer between the rf
source and plasma.
1.2.2 Inductively coupled plasmas (ICPs)
In an inductive discharge, rf power is coupled to the plasma through a di-
electric by way of an induction coil. The antenna coil can be arranged in a
planar spiral or helical manner. A schematic of the ICP configuration used in
this work is given in figure 1.2. When a time-varying electric current passes
through the antenna, a time varying magnetic field is created which pene-
trates the dielectric window and in turn induces an azimuthal electric field
in the plasma according to Faraday’s law
∇×E = −µ0∂H
∂t
(1.1)
19
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Figure 1.2: An inductively coupled plasma (ICP) reactor.
where µ0 is the permeability of free space, and E and H are the electric and
magnetic field vectors respectively. The electrons are accelerated to energies
above the ionisation potential resulting in break down of the background
gas [6].
Inductive discharges have the advantage that higher plasma densities can
be achieved at lower pressure compared to capacitive discharges. At low den-
sities the antenna acts as an electrode and the discharge is initially triggered
in capacitive mode as a result of the high antenna voltage. As the plasma
density reaches a sufficient level the power coupling switches to the inductive
mode.
1.3 Rf sheaths
Sheaths are thin positively charged layers that form the boundary between
a plasma and the walls of the vessel it occupies or any electrode/probe in
20
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contact with the plasma [7]. As electrons have a higher mobility than ions,
they are rapidly lost to the walls and this initial loss of electrons results in
a positive space charge in the bulk. This produces an electric field which
points from the plasma to the walls. As a result, electrons are reflected back
to the plasma and conversely ions are accelerated to the surface. The sheath
region continues to grow until equilibrium is reached and the electron and
ion fluxes are balanced. Electrons respond to electric fields produced by the
rf driving voltage Vrf while the ions, being heavier, can only respond to the
time-averaged E-fields [7]. This creates a sheath region in the vicinity of each
electrode which holds a net positive charge when averaged over the oscillation
period. The sheath voltage may be written as
V (t) = V¯ + Vrfsin(ωrf t) (1.2)
where Vrf is the amplitude of the ac signal and V¯ is the average voltage.
For a small fraction of the rf cycle where the sheath voltage is low enough,
electrons can escape and reach the electrode resulting in rectification of the
ac signal so that V¯ ≈ Vrf . When an electrode is driven with an rf voltage,
the sheath front oscillates in time. Ions only respond to the time averaged
electric field while the electrons oscillate in phase with the sheath edge. This
leads to alternate compression and decompression of electrons resulting in
electron heating. A thorough mathematical description of the rf sheath is
given by Lieberman in reference [8]. This is an important heating mechanism
in low pressure plasmas [9].
1.4 Plasma diagnostics
Arguably the most common plasma diagnostic tool is the Langmuir probe.
Langmuir probes can be made in various shapes, such as planar, spherical
21
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and cylindrical. Cylindrical probe tips are most common as they are the
easiest to construct and many detailed probe theories have been developed
for this configuration. Many other types of electrostatic probes exist, such
as: emissive probes, double probes etc. Many of these were essentially de-
signed to overcome difficulties involved with Langmuir probe measurements
in oscillating plasmas. Aside from electrostatic probes, there are numer-
ous optical diagnostics such as Laser Induced Fluorescence (LIF), Optical
Emission Spectroscopy (OES), absorption spectroscopy as well as non-optical
techniques like microwave interferometry. These have the advantage of being
non-invasive but are experimentally sensitive, expensive and more difficult to
set-up. A detailed knowledge of collisional cross-sections and energy states
of the species under investigation is often required for these techniques to be
effective.
Planar and cylindrical electrostatic probes are important in the context
of this thesis, as understanding the theory of their operation leads to a more
detailed understanding of the IMP, described in chapter 4, and also the RFEA
described in chapter 5, both of which are essentially electrostatic probes.
1.5 Electrostatic probes - the Langmuir probe
Of the many diagnostics used for measuring plasma parameters, the Lang-
muir probe is undoubtedly the easiest to implement. Its construction is
relatively simple, comprising a small conducting electrode (usually made of
a high melting point conductor such as tungsten or molybdenum) in contact
with the plasma at one end and driven by an external voltage source at the
other. By varying the applied dc bias through a low impedance resistor and
recording the collected current, a current-voltage (I-V) trace (figure 1.3) can
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be generated. From the I-V characteristic a number of important plasma
parameters may be obtained such as the ion and electron currents Ii,e, time-
averaged plasma potential, Φp, ion and electron densities, ni,e, electron tem-
perature, Te, as well as the electron and ion energy distribution functions,
EEDF and IEDF, respectively. One of the few important parameters that
the Langmuir probe cannot measure, is ion mass. A possible solution to this
is investigated in chapter 4.
There are three main sections to the I-V trace as shown in figure 1.3, these
are the ion saturation, transition and electron saturation regions. These re-
gions will be described in detail below but first the theories used to interpret
the I-V characteristic will be addressed.
1.5.1 Probe theory
Langmuir and Mott-Smith were the first to develop a basic theory for relating
the I-V characteristic to the plasma parameters [2]. A simple approach to
probe theory may be taken under the following assumptions;
• a Maxwell-Boltzmann electron velocity distribution is assumed,
• plasma perturbations by the probe can be neglected and
• it is assumed that every particle that enters the sheath is collected by
the probe.
Under these conditions, the total current, I, in the electron retarding
region of the I-V curve, i.e. below the plasma potential, is given by
I = −Ii + Iesatexp
(
− Φp − Vbias
Te
)
(1.3)
where Ii is the constant ion current and the negative sign indicates positive
ion collection. Iesat is the saturation electron current which decreases expo-
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nentially for sheath voltage, Vsh < 0, where Vsh = Φp−Vbias. Te is in electron
volts.
For an ideal planar probe, whose sheath width expands with sheath volt-
age, but sheath area remains constant, the collection area of the probe does
not change throughout the I-V characteristic, and so, the electron and ion
saturation currents are given respectively by,
Iesat =
1
4
enoApve (1.4)
and
Iisat = −ensApvB (1.5)
where Ap is the probe collection area, no is the plasma density (no = ne = ni),
ns is the sheath edge density, which is approximately 0.61 times no [7]. ve
is the average thermal velocity of the electrons ( =
√
8eTe/pime). vB is the
Bohm velocity, given by,
vB =
√
eTe
mi
(1.6)
where, mi is the ion mass, Te is in eV.
Equation 1.6 is valid for Ti << Te. The sheath edge is often defined as the
point at which the ions reach vB, after gaining energy in the presheath. ne
must always be less than ni within the sheath (in order for the positive space
charge to exist) so the ion energy gain in the presheath is necessary in order
for the current fluxes to balance.
Equation 1.3 shows that the total current collected by the probe is a
combination of ion and electron current. For Vbias < Φp, the ion current to
the probe is essentially constant (so Iisat = Ii). When Vsh > 0, i.e. when the
bias voltage goes above the plasma potential, the electron current is no longer
an exponential function of voltage as it begins to saturate. The current above
Φp is thus given by equation 1.4.
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Equations 1.4 and 1.5 are only valid for an ideal planar probe, whose
sheath width varies as a function of bias, but collection area remains con-
stant. Most probes for plasma research are cylindrical in nature, due to
their simplicity of construction and reduced perturbation compared to pla-
nar probes [10]. In reality, the planar sheath tends to take on a hemispherical
shape at large voltages [10], thus causing non-ideal results. For cylindrical
probes, the collection area is a function of sheath voltage. As the collection
area grows with bias, the current tends not to saturate as it does in the ideal
planar case, but instead, increases approximately as a square-root depen-
dance on Vsh. The effective collection area of a cylindrical probe, Aeff , is
given by,
Aeff = Ap
[
1+
(
dsh
pr
)]
(1.7)
where Ap is the probe tip area, pr is the probe tip radius and dsh is the sheath
width given by Child’s law [7],
dsh =
√
2
3
λD
(
2Vsh
Te
) 3
4
(1.8)
where λd, the Debye length, is given as (²oTe/ens) and ns is sheath edge
density.
The fact that the sheath expands with Vsh is a good demonstration of
the collective behaviour of plasmas, as the sheath changes to shield out the
increasing electric field from reaching the quasi-neutral bulk plasma. Equa-
tions 1.4 and 1.5 need to be modified for cylindrical probes so that sheath
expansion is taken into account.
For large negative biases, equation 1.8 is valid, so when used in com-
bination with 1.7 and substituted into 1.5, an approximate value for the
incomplete ion saturation could be obtained. However, a more valid equa-
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tion to use is that of Laframboise [11], which has been parameterised by
Steinbru¨chel [12] as,
Ii = eniAp
√
eTe
2pimi
[
a
(
e(Φp − Vbias)
Te
)b]
(1.9)
The term in square brackets is essentially a correction factor to the saturation
ion current, where the values a and b depend on the ratio of rp/λD. For
cylindrical probes, with rp/λD < 3, a and b can be approximated by 1.13
and 0.5 respectively [10].
Equation 1.9 gives the orbital motion limited ion current to a cylindrical
probe in a collisionless, Maxwellian plasma. Orbital motion limited(OML)
theory, was originally developed by Langmuir and Mott-Smith [2] to take
account of the fact that for cylindrical probes, ions entering the sheath with
a particular angular momentum may actually miss the probe, even-though
they are attracted to it. The effects of collisions are ignored. A sheath is
generally considered collisionless if the sheath thickness, ∆dsh (= dsh - rp) is
less than the mean free paths of either ions, λi, or electrons, λe.
Laframboise [11] extended this model and provides an exact numerical
solution to the equations governing ion collection in collisionless sheaths.
However, this theory is known [10, 13, 14] to overestimate ion densities even
in the presence of very weak collisionality (mainly due to destruction of ion
orbits) and therefore gives an upper limit to the collected ion current in the
low pressure regime.
The electron collection is not affected by collisions to the same extent,
due to the higher mobility of the electrons and the fact that electron current
collection occurs near the plasma potential where the sheath width is smaller,
and so, suffers less from sheath expansion effects.
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Equation 1.10 gives the electron saturation, where again, the terms in
brackets represent a correction factor for the sheath expansion and the coef-
ficients β and γ depend on the ratio rp/λD.
Ie = eneAp
√
eTe
2pime
[
β
(
e(Φp − Vbias)
Te
+ 1
)γ]
(1.10)
Recent work by Pletnev and Laframboise [15] shows that as long as the probe
potential does not exceed 40 V positive or negative, collisionless theory is
valid for electron current measurements over a wide range of densities [10,
13, 14]. For the ion currents to be correctly determined from collisionless
theory, the pressure must be below about 2.67 Pa and have sufficiently high
plasma density. In all other cases, collisional effects must be included for
greater accuracy.
Thus, as shown, the seemingly simple electrostatic probe requires quite a
detailed theory, which is still far from perfect even after more than 80 years
of research.
1.5.2 I-V characteristic
Figure 1.3 shows the I-V characteristic of an ideal planar probe and also, the
more typical, non-ideal characteristic of a cylindrical probe.
When the probe is biased negatively with respect to the plasma potential,
positive ions are attracted and electrons are repelled. For a perfect planar
probe, where collection area is not a function of bias voltage, the ion current
is essentially constant for Vbias < Vplasma.
At large negative potentials, ion current dominates as electrons do not
have sufficient energy to cross the sheath and be collected on the probe.
Ion saturation occurs when a further increase in negative potential does not
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Figure 1.3: A typical Current-Voltage (IV) characteristic for electrostatic probes
increase the collected current. In practice, even for planar probes, saturation
is rarely seen due to edge effects and also hemispherical distortion of the
sheath edge as a function of bias voltage. Guard rings are often used to reduce
edge effects, thus allowing planar probes to produce I-V characteristics with
more complete saturation regions. Great care is needed in their construction
to ensure this experimentally.
For cylindrical probes, collection area changes as a function of bias volt-
age due to sheath area expansion. Because the sheath area approximately
equals the effective collection area of the probe, it acts as though the probe
tip dimensions are varying as a function of bias. Hence, as saturation is
approached more current is collected, and so, incomplete saturation occurs.
Using ion saturation current, Iisat , we can estimate the ion density, from
equation (1.5), assuming we know Te and mi. From ion saturation, if the
bias voltage is gradually made more positive with respect to the plasma
potential, Vp, the sheath voltage reduces (Vsh = Vp - Vbias). With a lower
sheath potential, more and more electrons will have enough thermal velocity
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to penetrate the sheath completely and get collected by the probe. At some
point in bias the majority of electrons entering the sheath will make it to
the probe. Ions are still being collected at approximately the same rate as
in ion saturation but their signal is now swamped by the larger electron
current. The exponential region can be used to calculate the mean electron
temperature. This is done by first subtracting Iisat from the total measured
current to reveal only electron current. A semi-log plot of electron current
versus bias voltage yields a straight line in the electron retardation region
(assuming a Maxwellian distribution). The inverse of the slope of this line
gives Te in electron volts (eV). The calculated value of Te is very sensitive
to the exact shape of the exponential region and this can be affected by
non-Maxwellian distributions or time-averaging effects [16].
As the bias voltage approaches the plasma potential, the sheath voltage
approaches zero. At Vbias = Vp , the probe is at the same potential as the
plasma, so no sheath forms (at least in a dc plasma). The collection area
then becomes that of the probe tip. Because there is no sheath, electrons and
ions are neither attracted nor repelled, they simply collide randomly against
the probe tip. Again, because of the higher thermal velocity of the electrons,
it is Ie that dominates. As the bias is increased further, the probe becomes
positive with respect to the plasma and electrons are attracted while ions
are repelled. Equation 1.10 can be used to calculate the saturation electron
current as a function of bias in this region.
The transition from exponential to the Iesat region also marks the position
of the plasma potential. This is usually seen as a ’knee’ in the I-V curve. Vp
is determined by a linear extrapolation from the electron saturation region
and an extrapolation from the exponential region. The bias point at which
the linear extrapolations cross is Vp [7]. It can also be identified by the peak
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of the first derivative, or the zero crossing point of the second derivative of
the I-V characteristic. In a dc plasma, the knee can be quite distinctive and
Vp can be determined accurately, however, in an rf plasma this is generally
not the case due to time-averaged distortion issues.
Obtaining the second derivative is also useful for calculating the electron
energy distribution function, EEDF, given by the Druyvesteyn equation [7,
17]
ge(V ) =
2m
e2A
(
2eV
m
)1/2
d2Ie
dV 2
(1.11)
Vp is given by the point at which the second derivative of Ie is equal to zero.
The electron energy probability function (EEPF) is
gp(ε) = ε
−1/2ge(ε). (1.12)
The integral of the EEDF gives ne,
ne =
∫ ∞
0
ge(ε)dε (1.13)
and this in turn can be used to calculate the effective electron temperature,
Teff from
〈ε〉 =
∫∞
0
εge(ε)dε
ne
=
3
2
kTe (1.14)
which gives Teff as
Teff =
1
ne
2
3
∫ ∞
0
εge(ε)dε. (1.15)
The EEDF method of calculating plasma parameters is often assumed
to be the most accurate method [13, 18], but it requires Vp to be known
accurately, which may be difficult to determine from the I-V characteristic
in the presence of oscillating currents (explained further in section 1.5.3).
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The ion energy distribution, IEDF, is also an important parameter, espe-
cially for plasma etch processes where ion energy at the surface of the sub-
strate is extremely important. A technique for measuring accurate IEDF’s
is explained in detail in chapter 5.
1.5.3 Time-averaged distortion and compensated probes
In a rf plasma, the sheath voltage essentially oscillates with the plasma po-
tential and therefore, rf currents are also generated. The probe experiences
many rf cycles at each dc bias point in the I-V characteristic but only time-
averaged values are recorded. Due to the non-linear nature of the sheath,
the time-averaged current does not equal the dc current. The measured trace
is thus distorted by the oscillation. The distortion factor increases with the
ratio (∼ Vprf /Te) [19]. The distortion is generally negligible when the ratio is
less than unity, at least for calculation of Te from the semi-log plot of current
versus bias voltage (see figure 1.4 [16]).
So called ’rf compensation’ techniques can be applied to the probe to
alleviate the issue of time-averaged distortion in oscillating plasmas. Gagne
and Cantin [20] were the first to show how compensation could be achieved
with the use of high impedance inductors. The idea is to create a rf voltage
divider between the sheath and the inductors. The oscillating voltage drops
across both, in a ratio that depends on the ratio of the impedances. If the
inductor impedance is much greater than the sheath impedance then most
of the voltage drops on the inductors, which means the sheath oscillates to
a smaller extent, and so, the distortion current is reduced. Chen [21], and
Godyak [22] show that the conditions for sufficient compensation are:
| Zsh
Zcircuit
|< (0.3− 0.5) Te
Vprf
(1.16)
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Figure 1.4: Simulated Te measurement with DC Characteristic. The time-
averaged trace is shown for comparison. L1 and L2 are linear fits. The DC trace
yields the correct dc plasma potential and approximately correct Te values, whereas
the same procedure on the time-averaged trace would return a serious error on both
measurements.
where Zcircuit is the total impedance of the probe and circuitry combined,
this includes ZL and any stray capacitances.
Using this equation, with Te = 4 eV, Vprf = 20 V, the circuit impedance
must be approximately 32 times the sheath impedance. Assuming a sheath
impedance which is dominated by a 1 pf capacitance, Zcircuit must exceed
about 380 kΩ at 13.56 MHz [16]. Achieving this requires great care and
careful selection of appropriate inductors. Generally, high impedances, high
Q-factor, self-resonant inductors are used [23–25].
To alleviate the requirements on the inductors, compensation electrodes
may also be used. These are essentially large-area conductors ac coupled to
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the probe tip. They do not add to the measured dc probe current but simply
act to reduce the sheath capacitance, and therefore, sheath impedance. This
makes the criteria for satisfactory compensation easier to achieve.
Compensation techniques identical to those used on Langmuir probes
were also used on the RFEA in order to reduce the distortion caused by os-
cillating currents on the IEDF measurements. This will be explained further
in chapter 5.
1.6 Summary
The important concepts relevant to the work in this thesis have been pre-
sented. A detailed description of Langmuir probes has been given in order
to simplify the understanding of the probes developed in chapters 4 and
5. The IMP, described in chapter 4, is based on a combination of planar
and cylindrical Langmuir probes and attempts to measure mass - one of the
few important plasma parameters which a standard Langmuir probe cannot
measure. This is described in detail in the chapter 4. Compensation tech-
niques have been discussed. This is particularly relevant to the RFEA device
in chapter 5, which also uses rf compensation to avoid errors in the IEDF
measurements. This will be explained further in chapter 5.
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Mass Spectrometry and process control
In this chapter, ’real-time’ process control of plasma parameters in the BARIS
inductive reactor are investigated in an Ar-O2 plasma. Process control is the
dynamic modification of a process based on the results of process monitor-
ing [26]. In essence, it is a quality control procedure in which sampling is
done during the transformation process to achieve the desired performance
specifications. This is critical in optimising a manufacturing process. How-
ever, real-time process control is extremely difficult to implement due to
the complexity of industrial plasma systems [27] (real-time control will be
described further in section 2.3). The feasibility of diagnostics such as a
mass spectrometer and Langmuir probe are analysed for control of specific
plasma parameters, namely, ion flux and atomic oxygen density, in a simple
laboratory plasma.
Gas phase compounds can be analysed using a technique known as mass-
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spectrometry. In 1912, J.J. Thompson built a spectrometer called the positive
ray parabola, with this device, he obtained mass spectra for a number of
species and also discovered metastables [28]. Around this time Thomson
began working with Francis Aston to refine the experimental technique of
gas phase analysis. Circa 1919, Aston developed a new improved apparatus
called a mass spectrograph.
Essentially what a mass-spectrometer does is ionise neutral molecules in
the gas phase, separate the ions according to their mass-to-charge ratios
(m/z) and subsequently record any ions that reach the detector [29].
Analogue signals taken from a mass spectrometer are used as output
variables to a process control algorithm with rf power and gas flow rate as
the input variables. This control system monitors the mass spectrometer
signals and ion flux measured with a Langmuir probe while simultaneously
adjusting pressure, flow-rate and ICP power. The results and feasibility of
such a system will be discussed.
2.1 Theoretical background
Most mass spectrometers require a differential pumping system to allow ions
reach the detector without undergoing collisions. Firstly, the sample under
investigation must be introduced to the mass spectrometer system via a
suitable inlet aperture. This acts as the interface between the gas phase
compounds and the ion source of the spectrometer. From here it travels to
the source chamber where it is ionised by an electron beam produced by a
hot filament, that is, by electron impact ionisation given by
M + e =M+ + 2e (2.1)
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Figure 2.1: An ions trajectory traversing between rf biased quadrupole rods.
where M and M+ represent the molecule and molecular ion respectively.
An analyser then separates the ions according to their mass and a detector
counts the number of ions coming from the analyser.
Since Thomsons’ work began at the turn of the twentieth century many
developments have been made and mass analysers are now available in several
forms, namely: quadrupole; time-of-flight; magnetic; electromagnetic; ion
cyclotron resonance and fourier transform analysers. For the purpose of this
project, only the quadrupole mass spectrometer (QMS) will be explained in
detail as it is this system that is used for process control of atomic oxygen
density.
A quadrupole consists of four cylindrical or hyperbolic metal rods ar-
ranged in a parallel manner. These rods are electrically connected in oppos-
ing pairs.
A radio-frequency (rf) potential, V cosωt, is applied to opposite pairs of
rods and a dc voltage, U , is superimposed on the rf voltage as given by
equation 2.2. Ions traverse down the quadrupole in between the rods. An
ion with a positive charge moving between the rods will be attracted to a
negative rod until the potential switches sign and causes the ion to change
direction. The potential, Φ0 on the rods is given by:
Φ0 = U − V cosωt and −Φ0 = −U + V cosωt (2.2)
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where U is the dc potential, V is the zero-to-peak amplitude of the rf voltage,
ω is the angular frequency in rads−1 = 2pif and f is the rf frequency. As
the ion traverses along the z-axis, it will oscillate between the rods with the
alternating voltage until it emerges at the other end (see figure 2.1). Only
ions of a particular m/z will reach the detector for a specific ratio of voltages.
Ions that have unstable trajectories will collide with the rods and be lost.
Thus ion selection is possible by varying the applied potentials [28].
Any ions passing through the analyser will be recorded when they hit the
detector. The signal produced in the detector during a scan is recorded as
a function of m/z to produce a mass spectrum. In the instrument discussed
here, a Faraday cup detector was used as the number of ions leaving the mass
analyser is typically quite small, amplification is often necessary to get an
adequate signal.
For optimum operation of a mass spectrometer the pressure must be suf-
ficiently low to ensure collisions with other molecules are kept to a minimum
and the mean free path of a charged particle is greater than the distance
between ionisation and detection. The mean free path, λ is given by
λ =
kT√
2pσ
(2.3)
where T is the temperature, p is the pressure and σ is the collision cross-
section; σ=pid2, where d is the sum of the radii of the stationary molecule
and the colliding ion.
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Figure 2.2: Schematic of the BARIS reactor with the mass spectrometer and
Langmuir probe connected.
2.2 Experimental set-up
2.2.1 The BARIS reactor
The mass spectrometer (described in 2.2.2) is mounted on the BARIS reactor
which consists of a helical antenna mounted in the center of a stainless steel
cylindrical discharge chamber [30]. This reactor is 900 mm long and has an
internal diameter of 200 mm (see figure 2.2). One end of the reactor is closed
with a 15 mm thick pyrex window and the other with a stainless steel flange.
The flange has a 50 mm port to allow for insertion of a quartz tube in which
the helical antenna is positioned. The antenna is isolated from the discharge
by a quartz tube and is driven at 13.56 MHz. The impedance of the antenna
is matched to that of the rf generator by means of an automatic impedance
matching unit.
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Rf power coupling
The radio frequency power was supplied by a Marconi ACG-3 rf generator
operating at the standard industrial frequency of 13.56 MHz which is capable
of delivering 300 W continuous power. The forward and reflected rf power
was monitored using two Bird 43 Thruline wattmeters (one for forward and
one for reflected power) which were externally adjusted by a PC via an RS232
interface.
The rf power was impedance matched to the plasma load using a stan-
dard ’L’ configuration RFPP AM20 automatic matching unit (see figure 1.2).
The purpose of the matching unit is ensure maximum power transfer by
impedance matching the rf source impedance with the plasma discharge
impedance to minimise reflected power. Since plasma impedance is a dy-
namic quantity, a variable matching unit must be used. The standard ’L’
configuration matchbox consists of a variable load capacitor in parallel with
the discharge, and a variable tune capacitor in series with the discharge.
The rf antenna is arranged in a helical configuration with 11 turns of 3 cm
diameter. It is composed of gold plated copper tubing through which water
or compressed nitrogen can be pumped for cooling. The antenna was aligned
co-axially in the centre of a cylindrical stainless steel discharge chamber and
isolated from the discharge by placement inside a quartz dielectric tube. This
is known as a re-entrant configuration.
Mass Flow Controllers
Argon and oxygen gas flow was controlled using two STEC SEC-4000 Series
Mass Flow Controllers (MFC). The MFC’s use a thermal sensor to measure
the heat flow of the gas flowing through it and hence the flow rate. The
MFC’s were calibrated for the particular gas in use and were capable of
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delivering 200 sccm for argon and 20 sccm for oxygen. An analogue interface
on the MFC allowed control and monitoring of flow rate set points via a PC.
Pressure and Residence time
The base pressure was maintained at 10−5 Pa using an Edwards rotary pump
and a Pfeiffer Balzers turbomolecular pump. An externally controlled gate
valve was also used to regulate pressure and residence time via command
sequences sent over an RS232 interface. The controller continuously changes
the stepper motor position of the gate valve in order to maintain the tar-
get pressure set point or residence time. Pressure was monitored using a
Baratron manometer gauge and an Inficon hot ion combi gauge.
2.2.2 Mass spectrometer
A quadrupole mass spectrometer Pfeiffer QME 200 (”Prisma”) was used for
analysis of the chemical composition of the plasma neutral component within
the mass-to-charge ratio (m/z) range of 1 - 199 a.u. The entrance aperture
of the mass spectrometer was separated from the discharge chamber by a
hollow teflon probe with a 0.35 mm aperture open to the plasma chamber to
prevent overloading of the ion source as shown in figure 2.2. Ionisation was
achieved by electron impact ionisation with a mean electron energy of ∼ 70
eV and electron current of ∼ 2.5 mA. A Faraday cup detector senses the ions
passing through the analyser. The system is differentially pumped with a
Pfeiffer TMH 071P turbomolecular pump equipped with an electronic drive
unit TC 600. The base pressure was ≈ 10−6 Pa.
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Teflon probe
The mass spectrometer was designed for partial pressure analysis at pressures
below 0.01 Pa although, typically, gas pressures in the discharge were of the
order 1.3 - 13.3 Pa. To overcome this pressure differential, a hollow cylindrical
teflon probe was used to connect the entrance aperture of the spectrometer
with the discharge chamber. The teflon piece was machined in the form of a
hollow tube of internal diameter 1.75 cm and length of 10 cm. The plasma
facing end of the probe had a diameter of 0.35 mm and length 1 mm thus
sustaining the pressure in the spectrometer ionisation chamber at ∼ 10−4
Pa during the experiments without losses on the walls of the probe. Such
a pressure range is required for two reasons, firstly, linearity between the
partial pressure of a gas component and intensity of the corresponding m/z
signal remains unchanged and secondly, the highest level of experimental
signal-to-noise ratio is attained.
2.2.3 Langmuir Probe
A Langmuir probe was employed to monitor ion flux as a function of ICP
power. This probe incorporates passive rf compensation so the probe tip
can follow the plasma potential oscillations at 13.56 MHz [31]. Removal
of rf fluctuations in the plasma potential by rf compensation is required
to reduce the plasma-probe sheath impedance. This is achieved by using
a compensation electrode that is essentially a large conductor in contact
with the plasma and is capacitively coupled to the probe tip [13, 32]. The
self resonant inductors are positioned near the tip which serve to increase
the probe to ground impedance. This results in a probe-ground impedance
that is much greater than the plasma-probe impedance so that the latter
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is effectively independent of probe bias. In these experiments, a tungsten
probe tip, 5 mm in length with a radius of 0.195 mm is used. The probe is
positioned so that it measures in the center of the plasma zone as shown in
figure 2.2.
2.3 Real-time control of ion flux and atomic
oxygen density in an Ar-O2 plasma
In this section, real-time control of plasma parameters such as ion flux and
atomic oxygen density in an Ar-O2 plasma is described [33]. Real-time con-
trol of such parameters requires diagnostic development and modification
of existing techniques [34, 35]. To implement these diagnostics, a control
platform was necessary and a control-oriented process model to support con-
trol design. In this case, the control-oriented model was created in Matlab
Simulink before being compiled and executed in xPC target.
Note: a real-time system is one in which the quality of a result depends
on how accurate the calculation is and the time it takes for the result to be
available i.e. a real-time task must be able to keep up with the system tasks
connected to it [36].
A number of diagnostic techniques were applied to the BARIS reactor
to characterise the plasma process. These included a Langmuir probe, a
B-dot probe, optical emission spectroscopy (OES), actinometry and mass
spectrometry. Following initial control trials, a selection of these diagnostic
techniques were individually integrated into the control platform namely,
OES; actinometry; mass spectrometry and the Langmuir probe. However, it
should be noted that the focus for the work in this thesis is restricted to the
mass spectrometer and the Langmuir probe diagnostics.
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A control-oriented process model, developed by Keville and Iordanov [34,
35] is used to design a control algorithm. A global model of the chemical
kinetics coupled to an analytical model of power deposition is used to simulate
the process. The model includes dynamics of actuators such as mass flow
controllers and the exhaust throttle as well as sensor characteristics. The
application of this control-oriented model to achieve multi-variable closed
loop control of selected species such as atomic oxygen and ion density, using
rf power; oxygen/argon flow rates and pressure/exhaust flow rate as the
actuators, in an Ar-O2 ICP plasma is described. But first a description of
closed loop control will be given.
2.3.1 Closed loop control
Closed loop control or feedback control is designed to attain a desired process
condition or set-point, u, by measuring a given process condition, comparing
this measured value with a set-point and initiating corrective action based
on the difference between the measured and the setpoint value. Open loop
(feedforward) control on the other hand, does not use feedback to determine
if the setpoint has been reached [37]. An open-loop controller is used for
simple processes where feedback is not critical. However, to obtain more
accurate control, it is necessary to feed the output of the system back to
the inputs of the controller. A simple example of such a system is shown
in figure 2.3, this is known as a single-input-single-output (SISO) control
system.
Closed-loop transfer function
The output of the system y(s) is fed back through a sensor, F (s), so that
the reference signal, r(s), is followed, while rejecting disturbance, d. The
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Figure 2.3: A simple feedback control loop.
controller, C(s), then takes the error, e, between the reference and the output
to change the inputs, u, to the system under control, G(s), giving
y = Sr + Td (2.4)
where S, the closed loop transfer function is expressed as
S(s) =
C(s)G(s)
1 + F (s)C(s)G(s)
. (2.5)
Here, the numerator is the forward (open-loop) gain from r to y, and the
denominator is one plus the gain in going around the feedback loop, i.e.
the loop gain. T , the transfer function between the disturbance, d and the
output, y, given by
T =
1
1 + C(s)G(s)
. (2.6)
In an ideal case where S = 1 and T = 0, simply setting the reference point
controls the output.
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Figure 2.4: A block diagram of the process.
2.3.2 Process model for control of atomic oxygen den-
sity
The sensors that are presented here are the Langmuir probe and mass spec-
trometer. Each of these has an independent PID 1 control loop (described in
section 2.3.3) with very different time scales. Loop 1, which controls the ion
flux (as measured by the Langmuir probe) with rf power, is almost instanta-
neous while, loop 2, controlling the atomic oxygen density (measured by the
mass spectrometer) with O2 flow rate is of the order of tens of milliseconds.
A complete control model is required for closed loop control of a particular
species in the plasma which in this case is atomic oxygen density. In figure 2.4
a block diagram of the process is shown. The control oriented model used
is a very simplified global model of oxygen kinetics, outlining the primary
production and loss mechanisms for atomic oxygen in the plasma.
Atomic oxygen production is given by:
e+O2 −→ O+O+ e , (2.7)
1Proportional Integral Derivative
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and the loss mechanism is:
O −→ 1
2
O2 . (2.8)
The global model was coupled to transfer function models of the mass flow
controller and gas flow into and out of the chamber as follows:
d[O2]
dt
= FO2 −
[O2]
τdiss
+
[O]
2τrec
− [O2]
τres
(2.9)
d[O]
dt
=
2[O2]
τdiss
− [O]
τrec
− [O]
τres
(2.10)
where FO2 is the flow rate per unit volume of oxygen, τdiss is the dissociation
time constant, τrec is the diffusion dependent recombination time constant
and τres is the residence time.
Transfer function for atomic oxygen - Laplace transform
A transfer function is a mathematical statement of the influence which a
system or individual component has on a signal compared at input and at
output terminals i.e. the ratio of the output of a system to the input. Op-
eration of a Laplace transform reveals the open loop transfer function for
atomic O:
[O](s)
F ∗ (s) =
(
2
1 + τdiss/τrec
)
︸ ︷︷ ︸
Diss/rec(static gain term)
e−sTd
(sτmfc + 1)(sτres + 1)︸ ︷︷ ︸
Dynamics of gas flow
(2.11)
Note: Assume τdiss, τrec ¿ τmfc, τres. The dynamics of atomic oxygen pro-
duction can be decoupled into dissociation and recombination in the plasma
and the dynamics of gas flow into the chamber.
The MFC was modeled as:
F (s)
F ∗ (s) =
Kmfce
−sτdelay
sτmfc + 1
(2.12)
46
2.3 Real-time control of ion flux and atomic oxygen density in an
Ar-O2 plasma
Figure 2.5: Comparison of chamber residence time model and measured response
to a step in O2 flow rate .
where the gain of the MFC, Kmfc = 1, the MFC time constant, τmfc = 120
ms and a time delay, τdelay = 80 ms.
The chamber residence time was modeled using MATLAB system identi-
fication2 toolbox:
[O2](s)
FO2(s)
=
1
s+ 1/τres
⇒ τres = 350 ms (2.13)
In figure 2.5, the measured O2 response to a step in O2 flow rate, FO2 , is
plotted as a function of time and the corresponding model response is also
shown. The model is a good mathematical representation as the measure-
ment and the model outputs overlap, indicating excellent agreement.
Figure 2.6 shows the response of the mass flow controller model and the
measured signal to step in O2 flow rate over time. In this case, the lag is
2system identification algorithms determine the model structure and estimate model
parameters [38]
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Figure 2.6: Comparison of Mass flow controller model and measured response to
a step in O2 flow rate.
shorter but again both the measured and model signals respond in a similar
fashion. Thus it has been shown that the characterisation of chamber resi-
dence time and the mass flow controller with MATLAB system identification
toolbox gave excellent agreement between measurement and model.
The control algorithm for atomic oxygen was implemented using a SISO
PID controller with xPC Target (described in the next section) using the O2
MFC as the actuator and the inferred measurement of relative atomic oxygen
density from the O2 signal of the mass spectrometer as the sensor.
2.3.3 Real-time control via xPC target
Real-time control on the BARIS system was implemented using a specialised
real-time platform known as xPC Target (MathWorks Inc.) [35]. xPC Target
is a MATLAB toolbox for implementing any control structure modeled in
MATLAB Simulink toolbox using standard hardware [39]. It operates with
48
2.3 Real-time control of ion flux and atomic oxygen density in an
Ar-O2 plasma
Figure 2.7: Real-time control configuration with xPC target.
a two-PC configuration using a ’target’ PC and a separate ’host’ PC. A
simple block diagram that illustrates the xPC Target hardware set-up for
the BARIS process is shown in figure 2.7.
The host PC was used for building the executable code, while the target
PC runs the deployed module. All input/output (I/O) hardware that oper-
ates actuators and sensors is installed on the target PC. Configuration and
execution of the control model was performed in the host PC. This has a
graphical user interface (GUI) that enables the user change set points, con-
trol parameters and system parameters. Communication between both PCs
was established with an RS232 interface. Here, a PC with MATLAB and
Simulink installed on it was used as the host PC.
A Simulink model of the process was created by Iordanov and Keville [34,
35], and simulations were initially tested in MATLAB in non-real time via
xPC Target to ensure the control algorithm worked. xPC Target allows the
addition of numerous I/O device blocks to the model, which enables the
creation of an executable code by using ”Real-Time Workshop”, which is
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another MATLAB toolbox and a C/C++ compiler. The executable code was
downloaded from the host PC to the target PC. Measured and manipulated
variables can be monitored and recorded on both host and target PCs.
PID controller
The control design used by Simulink is a PID controller. The term PID
(Proportional-Integral-Derivative) refers to the three terms operating on the
error signal to produce a control signal. If u(t) is the control signal sent to
the system, r(t) is the desired output and y(t) is the measured output, with
tracking error e(t) = r(t) - y(t), the PID controller can be expressed in the
form
u(t) = KP e(t)︸ ︷︷ ︸
P
+KI
∫
e(t)dt︸ ︷︷ ︸
I
+KD
d
dt
e(t)︸ ︷︷ ︸
D
(2.14)
The desired setpoint is obtained by adjusting the three parameters: KP , KI
and KD of the controller, using estimates from a separate model. Stability
can be ensured using only the proportional term. The integral term permits
the rejection of a step disturbance and the derivative term can be used to
provide damping or shaping of the response. Figure 2.8 shows the structure
of a typical PID controller.
Closed loop response
The closed loop response of the inferred relative atomic oxygen density for
three different power levels is depicted in figure 2.9. This figure shows how
the PID controller behaviour varies with changes in the process conditions.
Decreasing applied power results in reduction of τdiss and thus static gain
increases as inferred from equation 2.11.
The atomic oxygen density measurement used in this control regime was
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Figure 2.8: Structure of a closed loop PID controller.
Figure 2.9: Closed loop response of atomic oxygen density at various rf power
levels.
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Figure 2.10: Open loop ion flux response to a step in power in an Ar plasma.
that inferred from the molecular oxygen signal obtained by mass spectrom-
etry (described in the Appendix A).
A SISO PID controller was first operated on this platform to achieve
control of ion flux using rf power as the actuator and the collected ion current
to a Langmuir probe biased at -50 V as the sensor. The response of ion flux
to changes in rf power was almost instantaneous and thus operates on a much
faster time scale than the response time of atomic oxygen density to changes
in O2 flow rate (∼ ms).
The open loop response of ion flux to a step in rf power in an Argon
plasma is given in figure 2.10. In this case, the sample time was set to 100
ms but it was later reduced to 20 ms. Figure 2.10 shows that the response
to changes in rf power are almost instantaneous.
The closed loop response of ion flux to a step in rf power in an Argon
plasma is shown in figure 2.11. Again, the measurement follows the setpoint
very closely.
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Figure 2.11: Closed loop ion flux response to a step in ion flux setpoint in an Ar
plasma where rf power is the actuator and ion flux is the output.
Figure 2.12: Ion flux response to a step in O2 flow rate.
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Finally the control of the ion flux set point to a step in O2 flow rate
into the chamber is shown in figure 2.12. This is an example of disturbance
rejection. By applying a disturbance to one of the manipulated variables
(which is flow rate in this case), the rf power changes to compensate for this
disturbance.
2.4 Summary
In this chapter closed loop control of ion flux and atomic oxygen density
with a Langmuir probe and mass spectromter was described. Control was
achieved by using two separate single input/single output (SISO) PID loops
which were optimised experimentally. The control algorithm used for atomic
oxygen density control combined the models for gas flow dynamics in the
chamber (i.e. residence time and mass flow controller response time) through
system identification with a simplified global model of atomic oxygen pro-
duction. The global model used the chemical kinetic processes of dissociation
of molecular oxygen and the recombination of atomic oxygen to describe the
dynamics of atomic oxygen production in the chamber.
Given the response times of the SISO loops, it was found that the ion
flux as measured by the Langmuir probe responded to changes in rf power
almost instantaneously while response time of atomic oxygen density mea-
sured by the mass spectrometer to changes in O2 flow rate was of the order
of milliseconds. These changes can modify the plasma parameters consider-
ably. Ultimately, the ability to monitor and tune the ion energy impacting a
surface and the electron temperature would be more desirable as it is these
parameters that determine the etch rates. In chapter 5, ion energy distribu-
tions measured at a remote surface will be discussed.
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The signal from the mass-spectrometer takes some time to stabilise (∼ 30
minutes) so the mass-spectrometer electron emission had to be switched on
well in advance of taking measurements. In addition to this, the temperature
of the discharge chamber increases over time and consequently drift in the
measured ion current from the mass spectrometer was evident during testing.
To test the effect of process drift and accelerate stabilisation, the discharge
chamber was heated to approximately 100◦C by applying a heating coil but
this had no significant effect on the results.
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CHAPTER 3
Experimental Reactor
3.1 The ARIS reactor
The experimental reactor used in the remainder of this thesis (Applied Radio-
frequency Inductive Source or ARIS) is an expanding inductive source con-
figuration which was originally designed for the study of low temperature
plasma chemistry [40]. It has also been used in other studies, such as the
investigation of collisionless heating [9], and of uncompensated probes [16].
The reactor consists of a source region and an expansion chamber. Igni-
tion of the plasma is by way of rf inductive coupling in the source region.
Plasma expands from the open end of the source region into a larger cylindri-
cal chamber. This expansion chamber features numerous ports for applying
diagnostics.
An axial dc magnetic field can also be used to excite helicon discharges
56
3.1 The ARIS reactor
in the source region but will not be discussed here. For the most part, the
experiments were conducted with the discharge in inductive power coupling
mode and a small number in capacitive mode. The majority of the exper-
imental results presented in this thesis were carried out in the expansion
region of this chamber.
3.1.1 Chamber geometry
The reactor consists of two discrete regions as shown in figure 3.1 [9]. The
source consists of a quartz tube that has 100 mm external diameter, 10
mm wall thickness and a length of 150 mm. It is closed at one end with a
stainless steel cap and the other end is connected to the expansion chamber.
The larger cylindrical expansion region is made of stainless steel with a 410
mm internal diameter and length of 290 mm which is terminated at both ends
with stainless steel plates. One of these plates is connected to the source at
one end by an opening of equal diameter to the quartz tube.
A three turn copper antenna surrounding the quartz tube provides rf
coupling to the source. Aluminium electrostatic shielding encloses the tube
and antenna to prevent the emission of rf radiation. This shielding is mounted
to the open end of the stainless expansion chamber securing the source in a
fixed position. All metal surfaces of the chamber are grounded.
3.1.2 RF power coupling
Power is inductively coupled through the antenna which is driven at 13.56
MHz with an RFPP (Radio-Frequency Power Products) 3 kW generator.
The antenna is impedance matched to the generator output impedance (50
Ω), using a matching network to ensure maximum power transfer.
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Figure 3.1: Schematic of the ARIS device showing source and expansion regions.
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The match box is positioned in a manner that allows direct connection
of the antenna to the output capacitor of the matching network minimizing
ohmic power loss at the antenna side of the matching network. The match
box is used in automatic matching mode so that the power delivered to the
discharge is held constant.
A small amount of rf power is absorbed in the antenna, as a result the
source is heated and air cooling is required. At high frequencies the resistance
of the antenna increases due to the skin effect and is accompanied with power
dissipation. Ion bombardment of the source walls also leads to heating of the
source region.
The plasma is formed in capacitive mode by the large rf voltage on the
antenna. When the plasma density increases adequately the discharge pro-
ceeds to an inductive mode and is maintained by the time varying magnetic
field associated with the rf currents through the antenna.
Predominantly, experiments were performed in the range of 200 - 500
W where the rf power coupling was stable with little or no reflected power,
although some were performed at higher powers of up to 700 W.
3.1.3 Vacuum system
A number of gases were used in the experiments such as argon, oxygen,
helium and nitrogen although mostly the experiments were conducted in
argon. Gas is fed to the expansion chamber using a mass flow controller
rated at 100 sccm. Pressure was maintained by a Pfeiffer Vacuum turbo-
molecular pump (TPH 521 PC, ultimate vacuum < 1 x 10−6 Pa) backed
with an Edwards rotary pump (E2M28 ultimate vacuum ∼ 0.1 Pa) and
monitored using a Leybold Vakuum Ionivac combi hot ion-Pirani gauge (ITR
90, pressure range: 5 x 10−8 - 1 x 105 Pa). The base pressure of the system
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is ≈1 x 10−4 Pa, but the experimental operating pressure was held around
0.1 Pa. This was the pressure range for which the plasma and matching
unit was most stable, thus allowing repeatability. Under these conditions,
the plasma density and electron temperature in this chamber are known to
be about 4 x 1015 m−3 and 4 eV respectively [9, 16, 40]. Thus, the mean
free path for electron-neutral momentum transfer is about 20 cm. This is
much larger than the sheath width or probe radius, so the probe is essentially
operated in the collisionless regime. Generally, the gas flow is held constant
and the pressure is adjusted using a large gate valve mounted between the
turbo pump and the chamber.
3.2 Radio-frequency biased electrode
An electrode is mounted on the end plate of the inductively coupled plasma
reactor. This electrode is excited with an rf voltage which is capacitively
coupled from a separate generator (and at a different frequency) to that
powering the inductive source [9]. No matching network is used to enhance
power coupling through this electrode. Instead, an inductive coil is placed
in series with the blocking capacitor to step up the voltage at the electrode
surface. This method allows relatively large exciting voltages on the electrode
for relatively low output power levels of the rf generator. Additionally, as
there is only small amounts of power coupled through the remote electrode,
the plasma created by the inductive source remains unperturbed. A dc supply
is incorporated to allow control of the electron current reaching the electrode
surface.
The electrode is a 60 mm copper disc mounted in a PTFE (teflon) holder
which prevents plasma formation behind the electrode. A schematic detailing
60
3.2 Radio-frequency biased electrode
Figure 3.2: Schematic of the biased electrode system, showing both the rf power
coupling circuit and the additional dc biasing circuit.
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Figure 3.3: Equivalent circuit model of the electrode system and bias circuitry.
Cblock and Cshunt are blocking and shunt capacitors respectively. Celectrode is the
electrode capacitance to ground and Lfilter blocks rf current reaching the dc supply.
Is and Ip are the stray and plasma rf current respectively and Idc is the dc current
drawn by the dc supply.
the mounting of the electrode and the biasing circuitry is given in figure 3.2.
An equivalent circuit model of the system showing both the rf and dc current
paths is given in figure 3.3.
3.3 Summary
The experimental reactor and related instrumentation have been detailed.
The geometry and operation of the reactor used to generate the discharges
has been outlined. The reactor itself is an inductively coupled system made
of a source region and a diffusion region. The plasma is ignited in a high
density source region and subsequently expands into a much larger cylindrical
chamber where various diagnostics are mounted. These diagnostics will be
described in turn in the following chapters. The gases used in the experiments
are argon, oxygen and helium of various mixtures, at pressures of about 0.1 -
1.2 Pa. The rf power range used was 200 - 700 W at a frequency of 13.56 MHz.
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The inductive reactor is used to maintain the plasma only, while all Re-
tarding Field Eenergy Analyser (RFEA) results were taken using an indepen-
dently rf driven electrode mounted far from the inductive source (a thorough
investigation of the RFEA sensor is detailed in chapter 5). The remote elec-
trode is driven at a separate frequency from the inductive source so as to
avoid interference effects such as beating. Also, the circuitry needed to ap-
ply both rf signals and dc bias levels to the electrode have been explained.
This circuitry is important so that the rf supply does not affect the dc supply
and vice versa.
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Ion mass probe
In this chapter, a novel sensor was investigated to establish if the ion mass
could be detected by measuring differences in ion current in static fields.
Mass detection in discharge chambers is not a trivial matter. Standard equip-
ment used for this purpose such as mass-spectrometers are costly, bulky and
difficult to apply in most situations. As a result, numerous efforts have
been made in recent years to to develop portable and miniaturised mass-
spectrometers [41–47].
Taylor et al [44] developed a miniature quadrupole mass spectrometer
(QMS) by application of microelectromechanical systems (MEMS) technol-
ogy. The resultant mass filter which is just 30 mm long, consists of metal
coated optical fibers that serve as the cylindrical rods used in a typical QMS.
These metalised fibres are mounted on silicon substrates and arranged in
line with a commercial ion source at one end connected to a vacuum flange
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and a Faraday collector at the other. The MicroQuad mass filter allowed
operation at pressures up to 2.5 Pa albeit with limited resolution. Another
miniaturisation development was realised with the introduction of a micro-
fabricated einzel lens by Syms et al [46]. This two-dimensional electrostatic
einzel lens provides a line focus ion coupling for the aforementioned mass fil-
ter developed by Taylor et al. The overall length of the lens, quadrupole and
collector assembly is just 40 mm. Given the reduced size of the optics and
filter systems, lower drive voltages can be used at higher pressures. However,
these scaled down instruments still require additional vacuum systems and
so true portability has not been achieved. In the following sections a novel
probe known as the ion mass probe (IMP), engineered to measure ion mass
without additional pumping systems is presented. This probe was conceived
when results of a mach probe used by Doggett et al and Sheerin [48, 49]
showed some mass dependence in a laser plasma.
Tests have been carried out with the Ion Mass Probe (IMP) on the ARIS
reactor in pure Ar plasmas and Ar-O2 mixtures under various plasma con-
ditions. The fundamental concept is that the rate of change of collected ion
current with bias voltage, is expected to vary with ion mass.
Ion optics simulation software, SIMION, has been used to simulate elec-
tric fields, ion trajectories and to calculate the time-of-flight (TOF) for var-
ious energies within those fields.
4.1 Mechanical design
The ion mass probe (IMP) consists of a cylindrical Langmuir probe oriented
perpendicular to a planar probe as shown below in figure 4.1 (a). The planar
probe is a 5.6 mm diameter copper disc which is mounted on a machined
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teflon holder. An electrical connection is fed along the outer edge of the
teflon holder to a semi-rigid coax cable as shown in figure 4.1 (b). The teflon
piece is also center bored to support the cylindrical probe. A 1 mm hole in the
center of the planar probe allows insertion of the cylindrical probe through
non conducting material. The cylindrical probe is made of tungsten, with
a length of 2 mm and a radius of 0.2 mm. It is situated 2 mm behind a
grounded mesh of 0.5 mm perforations, this acts as the interface between
the probe sampling region and the plasma. As the diameter of the probe is
relatively small (∼ 12 mm outer diameter), it can be inserted directly into a
plasma processing chamber without the need for a separate vacuum system.
The probe bias is supplied by an Impedans electronics unit (IV Scanner)
[50] via BNC connections and coaxial cables. The IV Scanner has three
output channels with a range of -150 V - +150 V. One of these channels is
set to a constant output level to bias an electrode and a second channel is used
to sweep the bias on the other electrode. For each step in the voltage scan
series, the collector current is determined to construct the current-voltage
characteristic. Data is transferred to a PC through a universal serial bus
(USB) connection.
4.2 Theory of operation
The principle aim is that application of a bias to the probes will generate
an ion flow in the sampling region. The flow velocity can then be adjusted
by changing the bias on either electrode. The ion trajectory in the sampling
region will be dependent on the ion mass, velocity and energy as shown by
the trajectories in figure 4.2. Varying the relative bias between the planar
electrode and the cylindrical electrode can alter the flight path resulting in
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(a) Cross-section
(b) Dimensions
Figure 4.1: (a) Cross-section and (b) dimensions of the ion mass probe (IMP).
67
4.2 Theory of operation
Figure 4.2: Schematic of particle trajectories in the sampling region of the IMP.
Blue = 10eV ions, green = 50 eV ions, black = 100 eV and red = 100 eV electrons
[cylindrical probe bias = -10 V, planar probe bias = 0 V].
a change in the collected ion currents at each probe. The ratio of planar to
cylindrical current is assumed to be mass dependent.
While one probe is swept through a range of voltages with the IV Scanner,
the other is biased externally in increments for each IV Scanner sweep. Bi-
asing the planar electrode more negative than the cylindrical reduces the ion
current measured at the cylindrical electrode, as expected. Initial tests with
the Impedans system showed that increasing bias on the measuring probe
gave an increase in collected current (in the micro-Amp range). The IMP
shows that the rate of change (slope) of each IV trace from the cylindrical
electrode varies with planar electrode bias which is indicative of a depen-
dence of the slope on the energy of the ions entering the sampling region.
This slope should also change with relative ion mass and experiments with
Ar-O2 mixtures appeared to confirm this.
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4.3 Experimental
In this section, initial tests of the probe behaviour in an Ar-O2 plasma is
described. The probes are tested in turn i.e. the current is collected at the
cylindrical probe for a range of voltages while the bias on the planar probe
is held constant. This measurement is repeated for different bias levels on
the planar probe. The current to the planar probe is then measured while
the bias on the cylindrical probe is fixed at intervals.
4.3.1 Measured probe currents
In table 4.1, the bias on the planar probe is fixed at intervals of -1 V to -120
V in steps of -20 V while the current to the cylindrical probe is measured
over the same range.
Table 4.1: Ion current on cylindrical probe, planar bias fixed at intervals
VC(V ) IP (−1V ) IP (−20V ) IP (−40V ) IP (−60V ) IP (−80V ) IP (−100V ) IP (−120V )
-1 -6.51E-07 -1.36E-07 -4.50E-08 -4.63E-08 -3.34E-08 -1.15E-08 1.07E-08
-20 -1.69E-06 -1.03E-06 -5.81E-07 -2.92E-07 -1.90E-07 -1.29E-07 -9.81E-08
-40 -2.67E-06 -1.91E-06 -1.38E-06 -9.69E-07 -5.80E-07 -3.23E-07 -2.29E-07
-60 -3.59E-06 -2.76E-06 -2.15E-06 -1.70E-06 -1.24E-06 -8.51E-07 -5.34E-07
-80 -4.45E-06 -3.59E-06 -2.89E-06 -2.39E-06 -1.86E-06 -1.41E-06 -1.03E-06
-100 -5.28E-06 -4.36E-06 -3.62E-06 -3.06E-06 -2.48E-06 -1.95E-06 -1.55E-06
-120 -6.08E-06 -5.09E-06 -4.31E-06 -3.71E-06 -3.07E-06 -2.48E-06 -2.06E-06
The IV trace is shown in figure 4.3 (a). As the constant bias on the planar
probe is increased, the current to the cylindrical probe is reduced. This is to
be expected since the planar probe area, APlanar, is much greater than that
of the cylindrical probe, Acylindrical.
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Figure 4.3: Ion current on (a) cylindrical probe with planar bias fixed at intervals,
(b) planar probe with cylindrical bias fixed at intervals, (c) Ratio of cylindrical
current to Planar current at 0.24 Pa, 300 W ICP power.
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Table 4.2 gives the current measured on the planar probe from -1 V to -120
V with the bias on the cylindrical probe fixed at intervals. The corresponding
IV trace is shown in figure 4.3 (b). In this case, increasing the fixed bias on
the cylindrical probe had little or no affect on the current measured at the
planar probe due the small surface area of the cylindrical which is much less
than APlanar.
Table 4.2: Ion current on planar probe, cylindrical bias fixed at intervals
VP (V ) IC(−1V ) IC(−20V ) IC(−40V ) IC(−60V ) IC(−80V ) IC(−100V ) IC(−120V )
-1 -6.51E-06 -6.40E-06 -6.57E-06 -6.47E-06 -6.41E-06 -6.40E-06 -6.11E-06
-20 -1.10E-05 -1.05E-05 -1.05E-05 -1.01E-05 -9.94E-06 -9.90E-06 -9.50E-06
-40 -1.37E-05 -1.34E-05 -1.34E-05 -1.29E-05 -1.27E-05 -1.27E-05 -1.22E-05
-60 -1.58E-05 -1.57E-05 -1.59E-05 -1.53E-05 -1.50E-05 -1.50E-05 -1.44E-05
-80 -1.75E-05 -1.76E-05 -1.79E-05 -1.72E-05 -1.69E-05 -1.69E-05 -1.62E-05
-100 -1.88E-05 -1.88E-05 -1.94E-05 -1.85E-05 -1.82E-05 -1.83E-05 -1.75E-05
-120 -1.96E-05 -1.95E-05 -2.02E-05 -1.93E-05 -1.90E-05 -1.91E-05 -1.83E-05
The ratio of measured cylindrical current to the that of the planar is given
in table 4.3 for the range -1 V to 120 V and the corresponding plot is given
in figure 4.3 (c).
Table 4.3: Ratio IC/IP where IC is the current measured on the cylindrical probe
and IP is the current on the planar probe.
Vbias IC/IP IC/IP IC/IP IC/IP IC/IP IC/IP IC/IP
VP VC(0) VC(−20) VC(−40) VC(−60) VC(−80) VC(−100) VC(−120)
-1 0.10 0.26 0.41 0.55 0.69 0.83 1.00
-20 0.01 0.10 0.18 0.27 0.36 0.44 0.54
-40 0.00 0.04 0.10 0.17 0.23 0.29 0.35
-60 0.00 0.02 0.06 0.11 0.16 0.20 0.26
-80 0.00 0.01 0.03 0.07 0.11 0.15 0.19
-100 0.00 0.01 0.02 0.05 0.08 0.11 0.14
-120 0.00 0.01 0.01 0.03 0.05 0.08 0.11
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4.4 SIMION Ion trajectory Simulations
In this section an ion optics software package is described and results of
simulations given. These can be compared with the measured values obtained
in the previous section.
SIMION is a software package for performing charged particle ion optics
simulations. It is primarily used to solve 2D/3D electrostatic and magnetic
fields and calculate the resultant trajectories of charged particles within those
fields. It was originally developed in FORTRAN by D. McGilvery at La Trobe
University, Australia to simulate ion motion in an electrostatic lens [51]. The
current version (Version 8.0) was developed by Scientific Instrument Services
(SIS) Inc. [52].
SIMION has been used to simulate a number of different devices such
as quadrupole mass filters, time-of-flight mass spectrometers, ion cyclotron
resonance mass spectrometers and quadrupole ion traps [53]. Geometry of
electrodes can be configured by the user as well as particle initial conditions,
including low frequency time-dependent or rf (MHz range) support, mag-
netic field, and collisional effects. Customised electrode geometries can be
controlled by user programs that govern potentials applied to the electrodes.
Geometries can be defined via multiple methods: a 3D paint-like program
(Modify), CAD import from stereolithography (.stl) format, solid geometry
defined mathematically via a text file (GEM file) and others. An external
application called Virtual Device provides a GUI for creating GEM files. A
workbench scheme allows the user position, size, and orient instances (3D
images) of potential arrays of different grid densities and symmetries in the
same simulation.
Particle mass and charges can be defined individually or according to some
pattern or distribution in a ”.FLY” subroutine. Contour and potential energy
72
4.4 SIMION Ion trajectory Simulations
Figure 4.4: Cross-section of the Ion Mass Probe in SIMION.
surface plots (optionally with ion trajectories superimposed) are displayed
iteratively.
The program uses direct techniques such as finite-difference methods
(over-relaxation and multi-mesh methods) and Runge-Kutta for solving the
required partial differential equations (PDEs), particularly the Laplace equa-
tion and ordinary differential equations (ODEs).
4.4.1 SIMION results
A potential array was created in SIMION which consisted of five electrodes
namely: a Langmuir electrode, an electrode separating the probes, a planar
electrode, an outer electrode and finally a grid electrode. A schematic of
the electrode configuration is shown in figure 4.4. The separating and outer
electrodes are held at 0 potential. These are included to give a realistic space
configuration of the actual IMP.
Table 4.4 shows the ratio of ion currents to each probe for the same biasing
range as that used in the experiments (-1 to -120 V) and the corresponding
graph is given in figure 4.5. A kinetic energy of 20 eV was used for the ions.
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Table 4.4: SIMION - 20eV Ions, 5 electrode config
VP VC(0) VC(−20) VC(−40) VC(−60) VC(−80) VC(−100) VC(−120)
-1 0.07 0.34 0.62 0.83 0.90 1.11 1.27
-20 0.02 0.20 0.38 0.53 0.68 0.78 0.90
-40 0.02 0.06 0.25 0.36 0.48 0.55 0.64
-60 0.02 0.02 0.14 0.28 0.36 0.48 0.55
-80 0.02 0.02 0.06 0.19 0.30 0.36 0.48
-100 0.02 0.02 0.05 0.14 0.24 0.30 0.40
-120 0.02 0.02 0.02 0.10 0.19 0.22 0.33
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Figure 4.5: Ratio of cylindrical ion current to planar ion current for 20 eV ions
in SIMION.
Figure 4.5 shows that the ratio of currents to each probe for this particular
kinetic energy is in good qualitative agreement with the experimental values
in figure 4.3.
Trajectory characteristics
Geometry from previous Simion potential arrays were changed to include
a grounded boundary cylinder and an adjusted cylindrical probe length -
this was increased so that it almost connects to the front grid. We can see
from figure 4.6 that using a longer probe will have a significant effect on
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(a) 50mm cylindrical (b) 100mm cylindrical
Figure 4.6: Effects of changing cylindrical probe length for potentials: VCylindrical
= -40 V, VPlanar = -35 V. Green trajectories = Kinetic Energies of 1 to 5 eV in
0.5 eV steps; red = KE’s of 1 to 25 in 2 eV steps, mass = 40.
the ion paths in the sampling region. Most of the ions are collected on the
cylindrical probe even though the potentials are fixed.
Biasing the cylindrical probe positively has a much greater affect on ion
trajectories than that of the planar probe: a +10 V bias on the cylindrical
deflects all ions to the planar probe and the separation between trajectories
is reduced.
A simulation with two ions of the same energy but different mass yielded
the exact same trajectory indicating that mass cannot be resolved. The
theoretical analysis of an electrostatic field and paraxial trajectories is given
in [46] which clearly shows no mass dependence.
4.4.2 Two ion simulation
A heavy ion like Ar entering the sampling region at a particular position
y, will slowly be accelerated towards the electrode until impact at position
x. A lighter O2 ion entering at the same position will have a much greater
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acceleration, and therefore will hit the probe faster. As both ions experience
the same accelerating potential they follow the same path (as F = qE only)
but will impact at different times due to their difference in mass.
Table 4.5: Trajectory dependence on energy
E1 15(eV ) TOF(µs) x(mm) v(mm/µs)
m1 = 2 amu 0.481735 29.0058 105.336
m2 = 40 amu 2.154380 29.0058 23.5539
E2 100(eV ) TOF(µs) x(mm) v(mm/µs)
m1 = 2 amu 0.325118 36.8351 138.862
m2 = 40 amu 1.453970 36.8351 31.0505
From table 4.5 it can be shown that the impact position x doesn’t change
when mass (m1,2) is increased, therefore the trajectory is fixed for a given
energy. This is depicted in figure 4.7. However if the energy is increased, the
particle travels further before it strikes the electrode. Thus it can be said
that increasing the energy
• alters the trajectory and decreases the particle TOF and
• ions penetrate further with greater velocity.
Refraction of ion trajectories results from electrostatic and/or magnetic
forces normal to the ion’s velocity. The radius of refraction can be determined
as follows:
Electrostatic radius of refraction
Normal electrostatic force = Centripetal acceleration
−eEn = mv
2
rn
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(a) KE = 15 eV (b) KE = 100 eV
Figure 4.7: Particle trajectories for (a) blue dots [m1 = 2], red [m2 = 40] both
at KE = 15 eV. (b) blue dots [m1 = 2] at KE = 100 eV and red [m2 = 40] at KE
= 15 eV
rn =
mv2
−eEn =
−(m/e)v2
En
Magnetic radius of refraction
Normal magnetic force = Centripetal acceleration
Bnev =
mv2
rn
rn =
mv
Bne
=
(m/e)v
Bn
1. The electrostatic radius of refraction is proportional to the ion’s ki-
netic energy per unit charge. Thus all ions starting at the same loca-
tion, direction and kinetic energy per unit charge will have identical
trajectories in electrostatic fields.
2. The magnetic radius of refraction is proportional to the ion’s momen-
tum per unit charge. Thus all ions with the same starting point, direc-
tion and momentum per unit charge will have the identical trajectories
in static magnetic fields.
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3. Because of the v versus v2 effects on the radius of refraction, magnetic
ion lenses have superior refractive power at high ion velocities.
Originally it appeared that the experiment followed our initial claim be-
cause the slope of the ion current in the I-V characteristic changed when
small amounts of O2 were added to a predominantly Ar plasma. However
it is clear that this is due to other effects such as changes in the sheath po-
tential, power absorption with the addition of O2 and velocity effects. Thus
it can be concluded that trajectories are mass independent in electrostatic
fields and mass dependent in static magnetic fields. SIMION has shown that
for a given energy, changing the mass has no effect on the ratio of currents
collected. This is because the ion trajectory does not change for changing
mass - only the time of flight (TOF) changes.
It is now clear that the IMP cannot resolve mass with static fields and so
other possibilities must be examined. Another option for mass analysis would
be the development of a miniature TOF type of analyser (which requires a
long flight path with a high accuracy synchronising detector to measure the
TOF’s for various masses). Alternatively, the current design could be used
with the application of an rf bias to one of the probes (where the pulse is
used to alter the particle trajectory).
Alternative Ion Mass Probe - Pulsed Ion Mass Probe
By applying a constant bias to one of the probes (to repel electrons) and
biasing the other probe with a 10 Vpk−pk pulse plus a constant potential, we
should be able to alter the trajectory without changing the original probe
design.
What effects would pulsing one of the probes have on the trajectory?
Particles of different mass follow the same path in an E-field - only their time
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of flight is dissimilar. So by applying a pulse which turns off after a short
period of time, the E-field changes and so should the particle’s trajectory.
4.5 Summary
A novel electrostatic probe was developed to measure ion mass. It consists
of a cylindrical cylindrical probe oriented perpendicular to a planar probe.
The fundamental idea is that biasing the planar probe will generate an ion
flow along the length of the cylindrical probe and the ion trajectory in the
sampling region will be dependent the ion mass and ion energy.
The IMP was tested in an Ar-O2 discharges at low pressure. Measure-
ments indicated that changing the ion content of the discharge resulted in a
rate of change in the ion current. An ion optics package was used to simulate
the ion trajectories and E-fields in the sampling region of the sensor.
It was found that this probe could not differentiate ion mass by dc biasing
alone. Simulations in SIMION confirmed this. In SIMION, when the KE of
an ion is increased, the time-of-flight decreases for a fixed mass. If KE is
fixed however, the time-of-flight increases for a fixed mass but the trajectory
remains the same i.e. the same flight path is taken by ions of differing mass
but a heavier ion will take longer to get there.
The idea behind this probe was conceived from a mach probe used by
Doggett et al and Sheerin [48, 49] in a laser plasma. From their simulations,
the peak ion current along the length of the probe showed a slight mass
dependence. Closer examination of this effect, not described here, has shown
that the mass dependence in peak ion currents of species of varying mass
would not be sufficient to resolve different ion species. In addition, the laser
plasma environment is not a static field.
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An alternative method for measuring mass with the existing design con-
figuration would be to use an rf pulse on one of the probes. Ions entering the
sample region would initially be accelerated by a negative bias on the cylin-
drical probe while an alternating bias on the planar probe would decelerate
the ions according to their mass and the magnitude of the rf bias.
In principle a pulsed or time varying field will resolve mass but adds to
the complexity and is not pursued further. However, this would be ideal for
future work.
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CHAPTER 5
Retarding field energy analyser
Plasma discharges are commonly used to process wafer surfaces in a vari-
ety of ways in the semiconductor manufacturing industry. Fabrication of
sub-micron integrated circuits requires reliable processes that are repeatable
from one tool to another, thus the ability to accurately measure plasma con-
ditions is crucial for chamber matching and avoiding process drift. Etching
and deposition rates, anisotropy, as well as surface topography are largely de-
termined by the energy and flux of reactive species generated by the plasma
[3]. In inductive discharges the ion flux is governed by the ion plasma den-
sity, which is regulated to a large extent by the input power, while the ion
bombardment energy to a wafer’s surface may be manipulated by the rf
bias potential applied to the electrostatic chuck on which the wafer sits. By
mounting a retarding field energy analyser directly on a biased electrode in
an rf discharge, the ion energy distribution (IED) impacting a wafer under
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various processing conditions can be determined.
For a number of decades, retarding field energy analysers (RFEA’s) have
been used to measure IED’s in several plasma discharge configurations [54–
76]. An early study by Simpson [54] compared the performance of ion energy
analyser designs for a variety of ion beam parameters such as angular diver-
gence, beam diameter, energy spread within the beam and mean energy of
the beam. Coburn and Kay [55] recorded IEDs with an analyser coupled to
a quadrupole. Kuypers and Hopman [58] used a planar gridded analyser in
a cylindrical magnetron reactor to make in-situ energy measurements at a
substrate surface, and hence derived the plasma potential, sheath thickness,
and total ion current. Dual peak splitting was observed in an oxygen plasma
where the peak separation, ∆E, agreed with the theoretically calculated
value, which shows that heavier particles are less affected by the oscillating
electric field due to their inertia. Ingram and Braithwaite developed a very
compact energy analyser (∼ 0.75 mm from orifice to collector plate) for mea-
suring ion and electron energies on a grounded electrode in a capacitively
coupled plasma (CCP) discharge. The compact design avoided the need for
differential pumping [59, 60]. Kuypers and Hopman [61] investigated IED’s
at a powered electrode in a varying magnetic field. Lui et al [62] carried out
an extensive study at the grounded electrode in a CCP reactor and compared
the results with Monte Carlo simulations. Woodworth conducted a series of
studies in a GEC reference cell where the main focus of the research was
on measurements of ion energy and ion angular distributions at a grounded
electrode [63–67]. Edelberg et al developed an analyser for measuring IED’s
at a wafer surface in a transformer coupled plasma (TCP) reactor in which
the analyser was built into the electrostatic chuck [68–70]. In these studies,
a sheath model was compared with experimental results and good agreement
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was found. Kawamura reviewed IED’s in rf sheaths conducting an in-depth
analysis of previous studies, theory, experiment and models [71]. More re-
cently, Gahan et al developed a floating analyser designed to sit directly
on an rf-biased electrode thereby achieving practical measurements of ion
distributions impinging a substrate surface [72].
In this chapter, ion energy distribution (IED) measurements taken in the
ARIS reactor (an inductively coupled radio-frequency discharge) in argon,
oxygen and argon-helium plasmas are discussed. The effects of discharge
pressure, ICP power, rf bias voltage, bias frequency and gas composition are
analysed. The energy analyser is operated at both a ground and a biased
electrode. A Langmuir probe was used to characterise the discharge and a
retarding field energy analyser (RFEA) measures the ion flux and energy
distributions impacting the remote rf driven electrode. Comparisons are
made between capacitive and direct coupling of the rf bias potential. In
addition, the sensor was translated across the length of the discharge chamber
to investigate the energy distribution as a function of position. Results are
shown for Ar, O2 and Ar-He discharges.
A double layer was observed to emanate from the source region while per-
forming experiments in an O2 discharge. This phenomenon has been observed
and analysed by a number of authors over the last couple of decades [77–80].
More recent studies by Charles et al [77] and Plihon et al [78] focused on ex-
periments in a reactor very similar to the configuration used here. A number
of measurements are carried out in the presence of a double layer and will be
discussed in the following sections however the main focus of this chapter will
be on the behavior of ions through capacitively and directly coupled plasma
sheaths.
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5.1 Theoretical background
Ion energy distributions are dependent on sheath characteristics such as po-
tential, sheath thickness and the number of rf periods, τrf = 2pi/ω, it takes
an ion to cross the sheath, i.e. the ion transit time, τi. The ion transit time is
given by τi = 3s¯
√
mi/(2eV¯s) where s¯ is the time averaged sheath width, mi is
ion mass and V¯s is the dc potential across the sheath. For the low pressures
(≤ 1.2 Pa) used in this study, a collisionless regime may be assumed and
hence the Child-Langmuir law gives the sheath thickness, s¯
s¯ =
2
3
(
2e
mi
)1/4(
²0
J¯i
)1/2
V¯ 3/4s (5.1)
which corresponds to a dc sheath with a potential drop of V¯
3/4
s , ²0 is the
permittivity of free space and ion current density, J¯i, is given by
J¯i =
4²0
9
(
2e
mi
)1/2
V¯
3/2
s
s2
≈ 0.61en0uB. (5.2)
Here, n0 is the bulk plasma density, the Bohm velocity, uB, is given by
uB=
√
kBTe/mi where kBTe is the electron temperature in eV.
In low frequency cases where τi/τrf ¿ 1, ions cross the sheath in a fraction
of an rf cycle and respond to an instantaneous sheath voltage rather than a
time averaged value. As a result, their energies depend on the phase of the
rf cycle at the time they enter the sheath. This gives a distribution that is
broad and bimodal where the separation of the peaks, ∆E, in the IED is
approximately equal to the maximum sheath potential. The low and high
energy peaks in the distribution correspond to the minimum and maximum
sheath potentials respectively.
In high frequency cases (τi/τrf À 1), the ions cross the sheath over a
number of rf cycles and respond to an average sheath voltage where the
phase of the cycle in which they enter the sheath becomes insignificant. This
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results in a narrower IED. Benoit-Cattin and Bernard developed an analytical
model for calculating ∆E in a collisionless sheath when τi/τrf À 1 [81].
The flux of ions, Γi, that enter the sheath at time t0 will hit the surface
at time tf with energy E
ω
2pi
Γi(ωt0)dt0 = f(E)dE (5.3)
and the number of ions entering the sheath per unit time must equal the num-
ber of ions within an energy interval dE, resulting in an energy distribution
given by
f(E) =
dn
dE
=
2nt
ω∆E
[
1− 4
∆E2
(E − eV˜s)2
]−1/2
(5.4)
where nt is the number of ions that enter the sheath per unit time, V˜s is the
amplitude of the rf component of the sheath voltage and the mean energy,
E, is equal to eV¯s. The energy splitting of peaks is given by:
∆E =
(
8eV˜s
3ωds
)(
2eV¯s
mi
)1/2
=
3eV˜s
pi
(
τrf
τi
)
(5.5)
where ds is the time averaged sheath thickness and V¯s + V˜ssin(ωt) is the
oscillating voltage across the sheath. Thus we can see that ∆E is proportional
to τrf/τi and inversely proportional to
√
mi.
5.2 Experiment
5.2.1 Experimental Apparatus
The experimental reactor used in this study is an expanding inductive source
design. A thorough description of the system has been given in chapter 3.
Briefly, it consists of a source region and an expansion chamber. A diagram
of the apparatus is given in figure 5.1. The source consists of a quartz tube
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(100 mm diameter, 150 mm length) closed at one end with a stainless steel
cap. The other end is connected to a larger cylindrical expansion region
with a 420 mm diameter and length of 290 mm which is terminated with a
stainless steel end plate. All metal surfaces of the chamber are grounded. In
the source region, power is inductively coupled through a two-turn copper
antenna surrounding a quartz tube and is driven at 13.56 MHz. Gas is
supplied to the expansion region via a mass flow controller and pumped with
a turbo molecular pump.
There are numerous access ports on the walls and end plate of the ex-
pansion chamber for applying diagnostics. The RFEA was mounted on the
surface of a 60 mm diameter aluminium electrode located in the center of
the end plate directly opposite the source. This electrode is mounted in a
teflon (PTFE) holder and rf power is supplied to the electrode by a wide
band amplifier through a 0.47 pF blocking capacitor when used in capacitive
coupling mode. Cabling for the RFEA was fed through one of the vacuum
ports on the sidewall of the expansion chamber. Current and voltage probes
attached to the power lead of the biased electrode monitored voltage and
current waveforms as described by Gahan et al [82–84]. For the majority of
tests carried out, a constant power of 300 W was used to sustain the plasma
at a pressure of 0.2 Pa in argon discharge, unless otherwise stated.
5.2.2 Retarding Field Energy Analyser
The ion energy analyser used in this study is a planar gridded energy anal-
yser [50], which is mounted on an electrode in the expansion chamber of the
inductive reactor. As the analyser design is compact (≈ 0.6 mm), differen-
tial pumping is not required for the pressure range of interest since the ion
mean free path, λ, is greater than the distance traveled by the ions within
86
5.2 Experiment
Figure 5.1: The experimental reactor with the retarding field energy analyser
mounted on the end plate.
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the analyser. At the highest pressure used (1.2 Pa), λ is given by λ=1/σng,
where σ is momentum transfer collision cross section and ng is neutral den-
sity. Therefore at 1.2 Pa, λÀ 0.6 mm. A schematic of the energy analyser is
shown in figure 5.2. It consists of a series of grids located behind a sampling
aperture and is terminated by a collector plate. The analyser is 60 mm in
diameter and 3 mm thick. An array of 800 µm holes over an area of 1 cm2 is
used. The actual sampling area is¿ 1 cm2 and the 800 µm holes are covered
by the first grid, G1, to reduce the orifice size open to the plasma. Insulating
spacers separate the grids which have a 18 µm hole size and a transparency
of 50%, from the collector plate.
G1, is electrically connected to the body of the sensor and maintained at
the electrode floating potential. A second grid, G2, is swept to provide the
ion retarding potential. Only ions with energies greater than the voltage on
this discriminating grid (G2) will be detected. The third grid, G3, is biased
negatively with respect to G1 (to repel electrons that may enter the analyser
and to inhibit secondary electron emission from the collector). Finally a
collector plate, C, which is biased with a negative potential to attract any
ions passing through G2, terminates the analyser. For each bias step applied
to G2, the corresponding current at the collector is recorded. The ion energy
distribution is obtained by taking the derivative of the collector current versus
retarding potential characteristic.
5.2.3 Cabling, filtering and electronics
Cables are taken from the RFEA and brought to a vacuum feed-through with
a re-entrant ceramic tube in which the rf filters are mounted. The cables,
sealed in a flexible ceramic shield, are resistant to discharge temperatures up
to 400oC and to reactive species that may be present in the processes under
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Figure 5.2: Cross section of the retarding field energy analyser.
investigation. The re-entrant ceramic tube forms the connection between the
vacuum side of the chamber and atmosphere through an o-ring sealed vacuum
feed-through. The RFEA cables enter the ceramic tube on the vacuum side
where they are connected to the filters. The output end of the filters are
then taken to the measurement electronics from the external side of the
ceramic tube. This design is similar to that used for commercial compensated
Langmuir probes [13].
Each cable connected to the RFEA has a filter arranged in an inductor-
resistor-capacitor (LRC) configuration. The attenuation provided by such a
filter terminated at the RFEA measurement electronics, is given in figure 5.3
[72]. The rf potential at the output is at least 60 dB lower than that applied
to the input over the range from 500 kHz to 60 MHz. This range covers some
of the most common frequencies used in low temperature rf plasma processes.
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Figure 5.3: Attenuation provided by filters as a function of frequency.
The requirements on the filter input impedance are that a) it is large
relative to that of the rf electrode on which it is mounted to maintain a fixed
impedance to ground and b) it is large compared to the impedance associated
with the capacitance between the RFEA internal grids and its outer casing.
The first criterion would be important for systems that apply the rf bias
through a matching unit. If the electrode impedance to ground is different
when the analyser is in place then the matching condition, and thus, rf bias
potential, is different. Consequently, for a set rf bias power the IED at the
electrode would be different without the analyser - defeating the purpose
of the measurement. The second criterion ensures that the rf potential on
the electrode/RFEA casing is strongly coupled to the internal grids. This
prevents significant potential drop across the grid-casing capacitance. In
figure 5.4 [72] the measured input impedance of the filter is given along with
the impedance to ground of the electrode (calculated from its capacitance
≈ 50 pF) and the impedance between any grid and the RFEA casing (also
calculated from its capacitance ≈ 300 pF). It is clear that the filter input
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Figure 5.4: Filter input impedance (solid line), electrode impedance to ground
(dashed line) and grid impedance to casing (dot-dashed line) as a function of fre-
quency.
impedance is significantly greater than both over the frequency range of
interest. This means that there is no significant loading of the electrode
impedance and that there is a negligible difference between electrode rf bias
and grid rf bias.
The measurement electronics used has three output voltage channels with
a range of -150 V to +150 V. Two of these channels are set to a constant
output level to bias the collector plate and the plasma electron repelling grid.
A third channel sweeps the discriminator from the sensor floating potential
to about 20 V above the dc plasma potential to cover the range of energies
that ions crossing the sheath may have. For each step in the voltage scan
series, the collector current is determined to construct the current-voltage
characteristic. Data is transferred via a universal serial bus (USB) connection
from the I-V scanner to a PC for analysis. As the RFEA is floating at the
dc self bias of the rf driven electrode on which it is mounted (as would a
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wafer under processing conditions), the bias voltages applied to the grids
and collector need to be referenced to this potential to obtain the actual ion
energies.
5.2.4 Langmuir Probe
A Langmuir probe [85] was employed to monitor electron density and electron
temperature as a function of pressure and ICP power. A detailed description
of probe theory has been given in section 1.5 and the probe configuration
is described in section 2.2.3. In these experiments, a tungsten probe tip, 5
mm in length with a radius of 0.195 mm is used. The probe is positioned
approximately 1 cm above the outer edge of the RFEA platen.
5.3 Source characterisation
In order to understand variations in the structure of IED’s measured at the
rf biased electrode, as a function of source power and discharge pressure, it
is first useful to investigate the dependencies of plasma parameters (near the
electrode) on these two main discharge variables.
5.3.1 Langmuir probe measurements of Te and ne in
argon
In figure 5.5 the variation of plasma parameters Te and ne obtained with
the Langmuir probe system, versus input power and pressure respectively
in an argon discharge is shown. These parameters are used for calculations
throughout the results sections. The probe was cleaned periodically between
scans by electron bombardment whereby a large bias is applied to the tip
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Figure 5.5: (a) Te as function of ICP power at 0.2 Pa, (b) Te as function of
pressure at 300 W, (c) ne as function of ICP power at 0.2 Pa and (d) ne as
function of pressure at 300 W.
(+150 V). This helps prevent surface contamination which leads to distor-
tion of the IV trace. The plasma potential Vp was determined from the point
where the second derivative of the IV trace crosses zero. Here, Te was de-
termined using a linear fit to the natural log of probe current versus voltage
characteristic. The electron density, ne was determined from
ne =
(
I(Vp)
Ap
)(
2pime
eKTe
)1/2
, (5.6)
where I(Vp) is the current at the plasma potential and Apis the area of the
probe.
Increasing the applied power lead to an increase in electron density with
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little variation in electron temperature as shown in figure 5.5(a) and (c). It is
thought that electron losses due to thermal conductivity may be the reason
for an almost constant Te when the power is increased [86]. In figure 5.5(b) Te
decreases with increasing pressure as expected [7]. At higher pressures, the
electron mean free path is reduced causing the decrease in Te. In figure 5.5(d)
a decrease in ne with increasing pressure is seen. It is expected that ne in the
source region increases with increasing pressure over the range investigated.
The ratio between ne in the diffusion chamber to that in the source region is
likely to decrease due to enhanced collisions as the pressure increases. This
may explain the drop in ne shown.
5.3.2 Calibration of RFEA
Initially, the operation of the RFEA was tested with the remote electrode at
ground. Figure 5.6 shows the IEDs obtained in an argon discharge for a range
of pressures from 0.3 - 2.0 Pa. At low pressure, the ions are accelerated from
the bulk to the electrode acquiring an energy equal to the dc sheath potential.
The IEDs are narrow single peaked structures relating to the average energy
gained by ions crossing the sheath. The peaks of these IEDs were compared
with the dc plasma potential measurements taken with a Langmuir probe as
shown in figure 5.7. Here it is shown that the plasma potential as measured
by the peaks of the IEDs taken with the analyser and the FWHM shown
by the bars are in good agreement with those of the Langmuir probe data.
These measurements are also in good qualitative agreement with previous
authors work [69].
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Figure 5.6: Ion energy distribution of Ar as a function of pressure at 300 W ICP
power, with the remote electrode at ground.
5.3.3 Other source characteristics
In this section some more details on the operation of the source are given.
For this purpose the electrode was removed and the RFEA was mounted on
a moveable, grounded, feed-through and IED’s were measured along the axis
of the discharge as illustrated in figure 5.8. It is worth noting that the focus
of these experiments is to compare the structure of the IED for capacitive
and direct coupling of the rf bias to the remote electrode. The purpose of
this section is give the reader a brief insight into the characteristics of this
particular reactor configuration.
Axial plasma potential variation
In the following experiments the position where the source region meets the
expansion chamber is defined at 0 mm. The range of translation of the
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Figure 5.7: Comparison of the plasma potentials measured with a Langmuir probe
and the RFEA as a function of pressure in an Ar plasma at 300 W, with the
electrode at ground. Note: the error bars represent the FWHM of the IED measured
by the RFEA.
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Figure 5.8: The experimental chamber with the retarding field energy analyser
mounted on a translational feed-through moving from 250 mm (at the back of the
expansion chamber) to 100 mm (close to the source region).
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feed-through is from 250 mm (where the RFEA is furthest from the source)
to a position 100 mm from the source (closest to the source). For these
measurements, the ICP power was held constant at 300 W, the RFEA was
grounded and the pressure fixed at 0.2 Pa. Figure 5.9 shows axial IED’s in (a)
argon and (b) oxygen to highlight the source behavior in both electropositive
and electronegative discharges.
Since, in this section, the RFEA is grounded the ions reaching its surface
have a mean energy equivalent to the dc plasma potential. The plasma
potential oscillation due to the source frequency (13.56 MHz), measured with
a floating probe, is less than 5 V. The oscillation of the sheath, generated by
the small plasma potential oscillation has a period which is short relative to
the ion transit time. The ions are not modulated by the source frequency at
position x = 250 mm and we can ignore the 13.56 MHz voltage oscillation,
effectively yielding dc sheath behavior. Therefore the IED responds mainly
to the time averaged sheath potential and is essentially mono-energetic.
Figure 5.9(a) shows a series of IED’s taken in an argon discharge starting
at the position where the electrode is normally located and moving towards
the source region. Similarly in figure 5.9(b) IED’s in an oxygen discharge
as a function of position are shown. In figure 5.9(c) the dc plasma potential
variation for both are compared. The plasma potential is taken to be at the
peak of the IED. For the argon case the dc plasma potential rises almost
linearly from the back of the chamber towards the source from 17.9 V to
25.0 V. The IED’s measured in oxygen have a more complicated structure.
At the 250 mm location a narrow bimodal IED was obtained. Towards the
source the IED becomes single peaked again. When a bimodal structure
is observed it means that the ions are responding to the oscillation in the
plasma potential. This is possible in oxygen as the positive ions are lighter
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Figure 5.9: IED’s as a function of axial position for (a) Ar and (b) O2 in a 0.2
Pa, 300 W, Ar discharge with the electrode at ground. (c) Vp as a function of
axial position (mm) for Ar and O2.
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than in argon. The plasma potential is now taken as the midpoint between
the two peaks. The plasma potential in oxygen initially drops from 26.5 V
then rises to 32.3 V closer to the source. For this reason we do not present
capacitively and directly coupled data for oxygen as it doesn’t exhibit the
same dc-like sheath behavior as in argon.
Another interesting characteristic in the oxygen IED’s is the presence of
a high energy tail in the distribution, most prominent closest to the source.
This effect is attributed to formation of a double layer (DL) [77] between
the source region and the expanding region. This DL separates two plasma
regions of significantly different composition and plasma potentials. The
two regions are separated by a sheath potential that accelerates a beam of
positive ions out of the source. These ions cause the high energy tail in the
measured IED’s.
Double layers in oxygen discharges
Double layers are encountered in a diverse range of plasmas, from discharge
tubes to space plasmas [77, 80]. A double layer (DL) is a permeable struc-
ture in a plasma which separates two boundary layers of opposite sign with
a large potential difference. Current-free double layers are formed at the
interface between two plasma regions with dissimilar features, which in this
case is the upstream source region and the downstream expansion region. Pli-
hon [78] found that DL’s formed for a particular density of negative ions with
concentrations of SF6 between 8% and 13%. Their DL separated the high
electronegative downstream plasma (n−/ne) ∼ 12 from the low electronega-
tive upstream plasma (n−/ne) ∼ 2 where n− is the negative ion density.
It was proposed by Meige [80] that the source region is ionization dom-
inated and the expansion region is attachment dominated due to electron
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radial loss combined with heating in a localised area. This results in a DL
separating plasmas of differing electron temperatures e.g. high Te in up-
stream region and a low Te in the expansion region downstream. Electron-
neutral collisions limit plasma diffusion along the expansion axis leading to
an electron density and plasma potential profile that decrease away from the
source. As a result of this decrease in potential, positive ions are acceler-
ated towards the expansion chamber and conversely, negative ions towards
the source. When the respective charged species reach the Bohm velocity,
quasineutrality breaks down and an internal sheath or double layer is formed.
The electric field across a DL maintains a balance between accelerated elec-
trons flowing upstream and ions flowing in the other direction [77].
Figure 5.10: Photograph of a Double Layer extruding from the source region at
0.2 Pa in an O2 plasma at low power (55 W).
In the experiments presented, a DL was observed for both high (300 W)
and low power (55 W) modes of operation in a low pressure oxygen discharge.
A photograph of a double layer taken in such a discharge at 55 W is given
in figure 5.10. The double layer is seen to protrude from the source region
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of the discharge chamber. A number of the measurements were taken in the
presence of the double layer, these included operating the RFEA with the
electrode at ground, and sustaining the plasma in inductive and capacitive
mode. When the electrode is grounded, an rf modulated sheath is no longer
present resulting in IED’s that are narrow single peaks [69, 72] as discussed
above.
The RFEA has been shown previously to be an important diagnostic
for investigating discharges with double layers [77]. Figure 5.8 shows a
schematic of the moveable RFEA. Figure 5.11(a)1 and 5.11(b) show IED’s
for a grounded RFEA plotted as a function of position for high (300 W) and
low (55 W) powers. In the latter case, the peaks are well defined and narrow
unlike those at 300 W which are much broader and exhibit double peaks for
most sensor positions. At 55 W the peaks are shifted to higher energies,
compared to those at 300 W, corresponding to higher dc plasma potential
(see figure 5.11(c)). For the high power case (5.11(a)), double peaks are
visible. At 250 mm the IED is slightly bimodal indicating that the oxygen
ions are able to respond to the plasma potential oscillation at 13.56 MHz. A
small high energy tail is also present due to an ion beam accelerated from the
source by the DL. At 160 mm the bimodal structure is lessened, indicating
a reduction in plasma potential oscillation upstream. The high energy tail
is more pronounced. At 100 mm the bimodal structure has disappeared but
the high energy tail now resembles a peak which corresponds to the average
beam energy accelerated across the DL. Figure 5.11(b) shows IED’s taken
at 55 W where no bimodal structure is present, meaning either the plasma
potential oscillation is less or that due to a much lower plasma density the
ion transit time across the sheath is much longer. The peaks due to the
1Note: figure 5.11(a) is the same as figure 5.9(b)
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Figure 5.11: IED’s as a function of axial position for an O2 discharge where (a)
is at high power [300 W ICP power] and (b) is at low power [55 W] at 0.2 Pa. (c)
Vp as a function of axial position (mm) for high and low ICP power coupling.
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thermal ions accelerated across the sheath potential are relatively large and
therefore the ion beam component from the DL is hardly visible in the IED’s
at low power even though the DL is clearly visible (see figure 5.10).
As discussed by previous authors [77, 78] the DL in electronegative dis-
charges is only present at low pressures (< 1.2 Pa). In figure 5.12(a) and
5.12(b) IED’s are given for 300 W as a function of position at 0.2 Pa and 1
Pa respectively. At 0.2 Pa the high energy tail attributed to the DL acceler-
ated ion beam is clearly visible at all RFEA positions. When the pressure is
increased to 1 Pa the high energy tail decreases as the DL becomes insignif-
icant. Figure 5.12(c) shows the plasma potential variation at both pressures
as a function of position. In both cases the plasma potential initially drops
moving towards the source.
5.4 IED at a rf biased electrode in argon
A comparison between a capacitively coupled and a di-
rectly coupled rf biased electrode
In the following sections IED’s measured at an electrode with a capacitively
coupled rf bias are compared to those measured at the same electrode with
a directly coupled rf bias. For the capacitively coupled case the rf bias
voltage is coupled to the electrode through a 0.47 pF blocking capacitor as
shown in figure 5.1. This allows a dc self-bias to develop on the electrode
surface. For the directly coupled case, the blocking capacitor is removed
and the rf bias is applied directly to the electrode. In this configuration,
no dc self-bias can develop since the electrode is now dc grounded. Base
conditions for all measurements unless otherwise stated are as follows: 300
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Figure 5.12: IED’s as a function of axial position for a (a) 0.2 and (b) 1.0 Pa,
300 W, O2 discharge with the electrode at ground. (c) Vp as a function of axial
position (mm) for 0.2 and 1.0 Pa.
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W ICP power, 37.5 Vpk rf bias potential, 2 MHz applied frequency and
0.2 Pa discharge pressure. Figures 5.13-5.16 and figure 5.18 show the IEDs
obtained in an argon discharge as a function of pressure, rf bias, ICP power
and bias frequency respectively. These figures compare capacitive and direct
coupling of the rf bias for each of the above mentioned parameters. In each
case the IED is obtained by taking the derivative of the normalized IV-trace.
Figure 5.19 shows peak separation ∆E versus electrode rf bias potential
and compares capacitively coupled measurements with those of the directly
coupled configuration as well as theoretically calculated values for ∆E. In
figure 5.17, an IED with an apparently negative energy peak is shown for
data taken in an argon discharge in directly coupled mode. Figures 5.18 and
5.19 show IEDs as a function of frequency and the corresponding variations
in ∆E respectively. Theoretical calculations to the measured IED’s are made
throughout the following sections using the Langmuir probe measurements
shown in figure 5.5.
5.4.1 Effect of pressure
In figure 5.13, ion energy distributions as a function of pressure are shown
for (a) capacitively coupled, and (b) directly coupled electrode rf bias. The
IED peak separation, ∆E, decreases with increasing pressure in each case.
The ion transit time, τi was calculated for the pressure range of interest. At
0.2 Pa, the capacitively coupled sheath width (from equation 5.1) s¯ = 1.97
mm where V¯s = 41.8 V is taken from the midpoint of the IED. The transit
time is then τi = 3s¯(mi/2eV¯s)
1/2 = 416 ns. At 0.6 Pa and 1.2 Pa, τi =
587 ns and 663 ns respectively. The transit time for the directly coupled
rf bias can be calculated in the same way. It is clear that the ion transit
time increases as the pressure increases. Since the rf bias frequency and
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amplitude remain fixed the result is an energy distribution which becomes
less modulated and consequently narrower, with increasing pressure. The dc
sheath potential is estimated from the center of the IED. In figure 5.13(a)
this midpoint remains reasonably constant. As pressure is increased, the
dc plasma potential decreases and consequently the applied rf bias changes
the dc self bias of the electrode keeping the sheath potential constant. In
figure 5.13(b) the center of the IED drops with increasing pressure. Here,
the rf bias is directly coupled and the electrode is dc grounded. As a result
the applied rf bias can no longer adjust the electrode self bias and so the dc
sheath potential falls with decreasing dc plasma potential. A drop in energy
of both the high and low energy peaks may be expected. However, during the
positive excursion of the rf bias, when the instantaneous electrode potential
approaches the plasma potential, the plasma potential appears to be pushed
to a higher plasma potential [56, 57]. This is evident from the fact that the
low energy peak remains constant. When the electrode potential tries to
exceed the positive plasma potential, the plasma potential adjusts itself to
remain the most positive potential in the discharge to prevent rapid plasma
electron loss.
5.4.2 Effect of ICP power
Figure 5.14 shows the IEDs obtained for a series of ICP power inputs. In
this case, the capacitively coupled IED has energy splitting that is slightly
greater than those of directly coupled mode and both increase with power. In
figure 5.14(a) ∆E increases with increasing ICP power because τi decreases
(452 ns, 370 ns and 305 ns at ICP powers 300, 400 and 500 W respectively)
with increasing power. From equation (5.5) ∆E = 41.5 eV, 46.0 eV and
47.8 eV respectively for each power setting. The sheath potential remains
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Figure 5.13: Ar IED plots as a function of Pressure: (a) capacitively coupled;
(b) directly coupled, at a fixed bias of 37.5 Vpk at 2 MHz and ICP power of 300
W.
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constant, not surprisingly as the plasma potential also remains constant as
a function of power. In figure 5.14(b), again, the plasma potential adjusts
in order to remain more positive than the instantaneous electrode potential.
As the electrode potential approaches the plasma potential, it pushes the
plasma potential more positive. There is also a decrease in ion transit time
as a function of increasing power, causing an increase in the high energy peak
location. Since it has been established that the low energy peak location is
fixed directly coupled mode, the greater ∆E in capacitively coupled mode is
explained because the low energy peak is free to move because the dc self-bias
is adjusted by the rf bias potential (∆E is 39.7 eV at 300 W and 44.2 eV at
500 W for the directly coupled case compared to 41.5 eV and 47.8 eV for the
capacitively coupled case).
5.4.3 Effects of rf bias potential
Figure 5.15(a) and 5.15(b) show the ion energy distributions for a series
of rf bias potentials applied to the electrode in a 300 W Ar discharge at 2
MHz. Both coupling modes show identical peak separation values. In 5.15(a),
increasing rf bias causes both an increase in ∆E, described by equation (5.5),
and an increase in sheath potential. Unlike the directly coupled rf bias, as
in section 5.4.2, where the electrode bias forces the plasma potential more
positive, the capacitively coupled rf bias causes the dc self bias electrode
potential to become more negative. This also prevents significant plasma
electron loss. Increasing the rf bias potential causes a more negative dc
electrode self bias, with respect to the dc plasma potential, and therefore an
increased dc sheath potential. In 5.15(b) the electrode is grounded so the self
bias cannot develop. The positive excursion of the the electrode potential
appears to push the plasma potential more positive in this portion of the
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Figure 5.14: Ar IED plots as a function of ICP power: (a) capacitively coupled;
(b) directly coupled, at a fixed bias of 37.5 Vpk at 2 MHz and pressure of 0.2 Pa.
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Figure 5.15: Ar IED plots as a function of rf bias potential: (a) capacitively
coupled; (b) directly coupled, at a fixed power of 300 W at 2 MHz and pressure of
0.2 Pa.
rf cycle. It appears that as the rf bias potential is increased, the difference
between the plasma potential and electrode potential becomes less and the
low energy peak approaches zero. The high energy peak has more freedom
since it occurs at the peak of the negative excursion of electrode potential,
far from the plasma potential. Since the dc plasma potential is pushed more
positive by the electrode potential an increase in the time averaged dc sheath
potential is expected and clearly evident in the shifting to higher energies of
the midpoint of the IED’s with increasing rf bias potential.
Figure 5.16 shows the experimentally measured and calculated theoretical
values of ∆E as a function of rf bias potential for capacitively coupled and
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Figure 5.16: Ar ∆E as a function of rf bias potential for capacitively coupled
[CC] and directly coupled [DC] biasing modes at a fixed power of 300 W at 2 MHz
and pressure of 0.2 Pa. Calculated values of ∆E are also shown from eqn.(5.5)
and eqn.(5.7) are also shown.
directly coupled biased modes. It is found that the experiment is in good
agreement with theory. This figure shows an approximately linear depen-
dence of ∆E with rf bias potential as expected from equation (5.5) which
gives ∆E ∝ Vpk−pk. Sobolewski [87] found an approximate solution for ∆E
for all values of τrf/τi
∆E = eVpk−pk
[
1+
(
2.25τi
T
)2]−1/2
, (5.7)
where T is the rf period. A similar analytical solution can also be found in
reference [88]. The results of this calculation are also in good agreement with
experiment.
Figure 5.17 shows an IED obtained in an argon discharge with the elec-
trode biased in directly coupled mode. Under certain conditions, when a
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Figure 5.17: Directly coupled biased electrode in an argon discharge [0.4 Pa, 500
W, 75 Vpk].
large voltage amplitude is applied to the electrode, in directly coupled mode,
the low energy peak becomes slightly negative. As discussed, the positive
excursion of the electrode rf bias tends to push the plasma potential more
positive to prevent rapid plasma electron loss. However it appears that in cer-
tain cases the electrode potential may become more positive than the plasma
potential. In this case an ion that enters the sheath when the electrode is less
positive than the plasma potential is collected when the electrode potential
exceeds the plasma potential. When this happens the ion appears in the
IED with negative energy as shown in figure 5.17. In a dynamic situation ion
peaks at negative energies relative to the electrode potential are measurable
and are caused by ion inertia.
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5.4.4 Effects of frequency
Figure 5.18 shows IED’s for a range of frequencies (0.5 - 20 MHz) taken at
constant ICP power of 300 W, pressure 0.2 Pa and rf bias potential 37.5
Vpk. These measurements demonstrate how the distribution loses its broad,
bimodal shape beyond a particular frequency when τi becomes significantly
longer than τrf . Here, τi becomes single peaked at 20 MHz (τrf = 50 ns).
Taking the time average sheath potential from the midpoint of the IED’s, V¯s
= 42.6 V, then s¯ = 2 mm, giving a value for τi = 418 ns that is significantly
greater than τrf . In capacitively coupled mode, the distributions are all cen-
tered at 42.6 eV whereas in directly coupled mode the midpoints increase
slightly at lower frequencies. Therefore the sheath potential remains con-
stant as a function of frequency when capacitively coupled. Since the plasma
potential is constant, the dc self bias of the electrode also remains constant.
Again not surprising as the rf potential is fixed at 37.5 Vpk. For the directly
coupled case, figure 5.18(b) shows that at low frequencies, the effect of the
increased plasma potential is again seen in the low energy peak. The result
is a smaller ∆E in directly coupled mode at low frequencies compared to
capacitively coupled.
Figure 5.19 shows the experimentally measured and calculated theoretical
values of ∆E as a function of frequency for capacitively coupled and directly
coupled biased modes. There is excellent agreement between theory and
experiment at frequencies greater than 2 MHz. Here, ∆E was calculated
according to Benoit-Cattin’s analytical model for a high frequency regime
where τi/τrf > 1. In figure 5.19 it is clear that this model is no longer valid,
for these experimental conditions, at frequencies below 2 MHz, when τi/τrf
becomes less than 1.
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Figure 5.18: Ar IED plots as a function of frequency: (a) capacitively coupled;
(b) directly coupled, at a fixed bias of 37.5 Vpk at 300 W and pressure of 0.2 Pa.
5.4.5 IEDs at an rf biased surface with two ion species
A discharge containing a mixture of helium and argon was used to investigate
if the IED sampled at the capacitively coupled rf biased electrode could be
mass resolved in a similar way to Edelberg and co-authors [68]. Since the
ratio of the mass of argon ions to helium ions is ≈ 10 then the ratio of
their transit times τargon/τhelium=
√
Margon/Mhelium ≈ 3.2 assuming that the
time averaged sheath width and potential is the same for both ions. This
indicates that the ∆E’s for both ion types are sufficiently different to be
resolved with the RFEA. Figure 5.20 shows IEDs taken in helium/argon
mixture of 10:1. As expected two sets of energy peaks are detected, one for
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Figure 5.19: Ar ∆E as a function of frequency for capacitively coupled [CC]
and directly coupled [DC] biasing modes, at a fixed bias of 37.5 Vpk at 300 W and
pressure of 0.2 Pa. ∆E values calculated from eqn.(5.5) and eqn.(5.7) are also
shown.
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Figure 5.20: He-Ar discharge: IED’s as a function of ICP Power, at bias poten-
tial 100 Vrf , 5 MHz and 0.3 Pa.
each ion species. The lighter helium energy peaks are significantly smaller
due to the much higher ionization potential of helium. The ratio of helium
ions to argon ions does increase with increasing power however. The ratio of
∆Ehelium/∆Eargon is not constant as might be assumed from equation (5.5).
However this model does not describe the variation of ∆E for all values of
ωτi. The model described by equation (5.7) gives a better approximation of
∆E for all ωτi. Figure 5.21 gives ∆E/Vpk−pk as a function of ωτi defined
by equation (5.7). Also shown is the range of ∆E values for both argon
and helium. Because of the non-linear relationship, ∆E for argon increases
more rapidly with increasing power (decreasing ion transit time) than ∆E
for helium as shown in figure 5.21.
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Figure 5.21: ∆E/Vpk−pk as a function of ωτi as defined by eqn.(5.7) for a He-Ar
discharge.
5.5 Summary
Ion energy distributions were investigated using a compact retarding field en-
ergy analyser in an expanding inductive discharge for a variety of conditions.
The analyser was mounted on a downstream electrode in both capacitive and
directly coupled modes. When the ion transit time is less than the time it
takes to complete an rf cycle (τi ¿ τrf ), a bimodal ion energy distribution
results. This is because the ion has time to respond to the instantaneous
sheath potential rather than a time averaged potential.
This study investigates the ability of the RFEA to characterise the dis-
charge as well as the capacitive sheath in front of the RFEA due to rf biasing
of the electrode on which it is mounted.
The RFEA has been used to show the axial plasma potential variation
in both argon and oxygen discharges. The existence of a double layer in
118
5.5 Summary
the oxygen discharge has been investigated in terms of discharge pressure
and power. The characteristics of the double layer observed here will be the
subject of future work in this discharge.
The comparison between the capacitively coupled and directly coupled
rf bias potential gives insights into the sheath physics. On one hand the
electrode develops a dc self bias to prevent rapid electron loss to the electrode
and on the other, the electrode bias pushes the plasma potential more positive
also to prevent significant electron loss. It has also been shown that under
certain conditions, for directly coupled rf bias, an apparent negative ion
energy peak is detected if the rf bias potential is sufficiently high. The origin
of this peak is discussed. Experimentally measured ∆E for frequency and
rf bias potential corresponds well with ∆E calculated from Benoit-Cattin’s
model as described by equation (5.5) except in the region where the ion
transit time is less than the rf period. It has been shown that this model is
not valid for frequencies where τi/τrf < 1. The model described by equation
(5.7) is found to be in better agreement for all values of τi/τrf .
The RFEA is shown to be capable of mass resolution when a He-Ar
discharge is used. Due to the different masses of the two ion species (and the
nonlinear variation of ∆E with ωτi) ∆E for both species is found to vary
differently as a function of power. From section 5.4.5 it has been shown that
rf fields in the sheath allow mass discrimination.
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CHAPTER 6
Conclusion
In conclusion to this thesis, a recap of the main results will be presented and
where possible some suggestions for further work are made. The motivation
behind this work was to investigate diagnostics for mass detection and ex-
tend the understanding of such in plasma discharges. Mass detection in any
discharge cannot be accomplished by simple means. In commercial reactors
where space for diagnostics is often limited, the installation of existing tech-
niques can be difficult to achieve. The ability to measure ion abundance and
behaviour in a process is of great importance as the ion plays a significant
role in surface reactions.
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6.1 Mass spectrometry and process control
Mass-spectrometers are complex instruments that are costly and often dif-
ficult to install in most situations. However the ability to produce a mass-
spectrum of the gas phase is very advantageous. It is for this reason they
are often used in analysis of etching systems, forensics and other analytical
applications.
In chapter 2 closed loop control of ion flux and atomic oxygen density with
a Langmuir probe and mass spectromter was described. Control was achieved
by using two separate single input/single output (SISO) loops which were op-
timised experimentally (PID). The control model used for atomic oxygen den-
sity control combined the models for gas flow dynamics in the chamber (i.e.
residence time and mass flow controller response time) through system iden-
tification with a simplified global model of atomic oxygen production. The
global model used the chemical kinetic processes of dissociation of molecular
oxygen and the recombination of atomic oxygen to describe the dynamics
of atomic Oxygen production in the chamber. Given the response times of
the SISO loops, it was found that the ion flux as measured by the Lang-
muir probe responded to changes in rf power almost instantaneously while
response time of atomic oxygen density measured by the mass spectrometer
to changes in O2 flow rate was of the order of milliseconds.
Although real-time control was achieved, the signal from the mass spec-
trometer was somewhat unreliable. This was due to two major influences.
Firstly, the electron emission filament in the mass spectrometer must be sta-
bilised before taking measurements. This takes ∼ 30 minutes so the emission
must be ignited well in advance. This is not ideal for process control. Sec-
ondly, as a result of the discharge chamber heating up over time, drift in
the measured ion current from the mass spectrometer was apparent during
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testing. Accordingly, the mass spectrometer can be ruled out as a reliable
sensor in process control.
6.2 The experimental set-up
The experimental reactor used to generate the discharge for the IMP and
RFEA diagnostics was detailed in chapter 3. The plasma is ignited in a high
density source region and subsequently expands into a much larger cylindrical
chamber where various diagnostics are mounted. The feed gases used in the
experiments are argon and oxygen of various combinations, at pressures of
about 0.1 - 1.2 Pa. The rf power range used was 200− 700 W at a frequency
of 13.56 MHz.
6.3 Ion mass probe
Following the failure of reliable measurements with the mass spectrometer
in chapter 2 a novel ion mass probe was developed with a view to process
control.
A novel electrostatic probe was described and tested. The probe consisted
of a cylindrical Langmuir probe oriented at right angles to a planar probe.
Each probe was dc biased independently. An investigation was carried out
with the IMP on the ARIS II ICP chamber in pure Ar plasmas and Ar-
O2 mixtures under various plasma conditions i.e. pressures, powers and gas
mixtures. This probe could be inserted directly into a plasma-processing
chamber unlike the mass-spectrometer which requires a differential pumping
system.
The idea is that biasing the planar probe will generate an ion flow along
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the length of the cylindrical Langmuir probe. The ion trajectory in the
sampling region will be dependent the ion mass and ion energy. Varying the
relative bias between the planar probe and the Langmuir probe can alter
this path resulting in a change in the collected ion currents at each probe.
The rate of change of collected ion current with bias voltage is expected to
vary with ion mass. The IMP shows that the rate of change of each IV trace
from the cylindrical probe varies slightly with planar probe bias indicating a
dependence of the slope on the average ion energy within the sampling region.
Results show a change in slope but this is proven not to be important.
It was found that this probe could not differentiate ion mass by dc biasing
alone. Simulations in SIMION confirmed this. In SIMION, when the KE of
an ion is increased, the time-of-flight decreases for a fixed mass. If KE is
fixed however, the time-of-flight increases for a fixed mass but the trajectory
remains the same i.e. the same flight path is taken by ions of differing mass
but a heavier ion will take longer to get there.
A possible method for measuring mass with the existing design config-
uration would be to use an rf bias on one of the probes. Ions entering the
sample region would initially be accelerated by a negative bias on the Lang-
muir probe while an alternating bias on the planar probe would decelerate
the ions according to their mass and the magnitude of the rf bias in much
the same way a QMS filters ions of different m/z ratios.
6.4 RFEA
A retarding field energy analyser for investigating ion energy distributions
(IEDs) at the sheath in an rf plasma is described in chapter 5. This inves-
tigation was performed with a remote rf driven electrode which was biased
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independently of the ICP source in capacitive and direct coupling biasing
modes. The electrode was driven at a separate frequency from the induc-
tive source to avoid disturbance of the plasma. Power coupled through the
resulting capacitive sheath in front of the electrode was analysed.
IEDs are dependent on sheath characteristics such as potential, sheath
thickness and the number of rf cycles it takes for the ion to cross the sheath,
τion. Ions arriving at the surface of the analyser do so with a range of energies
as a result of modulation by the time varying sheath potential. The shape
of the IED was determined by τion/τrf where τrf is the rf period.
The RFEA consists of a series of grids located behind a sampling aperture
and terminated by a collector plate. The collector current for each bias step
is recorded and an IED is obtained by taking the derivative of the collector
current yielding the retarding potential characteristic.
When the ion transit time is less than the time it takes to complete an
rf cycle (τi ¿ τrf ), a bimodal ion energy distribution results as the ion has
time to respond to the instantaneous sheath potential rather than a time
averaged potential.
A double layer was observed in an oxygen discharge and was investigated
as a function of ICP power pressure.
The peak separation, ∆E, in a bimodal IED was measured as a function
of frequency and rf bias potential and compared to ∆E calculated from the
models developed by both Benoit-Cattin and Sobolewski as described by
equation (5.5). Good agreement was found except in the region where the
ion transit time is less than the rf period. It has been shown that this model is
not valid for frequencies where τi/τrf < 1. The model described by equation
(5.7) is found to be in better agreement for all values of τi/τrf .
The RFEA has shown potential for mass resolution when a He-Ar dis-
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charge was used. Due to the different masses of the two ion species (and the
nonlinear variation of ∆E with ωτi) ∆E for both species is found to vary
differently as a function of power. From section 5.4.5 it has been shown that
rf fields in the sheath allow mass discrimination.
The RFEA is an advantageous diagnostic in many ways. It has the ability
to distinguish ions of differing mass and as it acts as a substrate it may not
be as intrusive in the way a Langmuir probe is. Being able to monitor the
ion energy distribution is invaluable in the plasma processing industry as ion
energy plays a crucial role in modification of surface properties.
6.5 Future work
Future investigations of process control could include a more comprehen-
sive process model as the current model may be an over-simplification of
the actual kinetics in the discharge. In order to analyse these, a reliable
mass detection system would be required. Techniques such as Laser Induced
Fluorescence (LIF) could be employed to get absolute density of atomic oxy-
gen and this in turn could be used to calibrate other sensors such as the
mass-spectrometer.
Although the IMP probe failed, superimposing an rf pulse on a dc bias
to one of the probes could alter the trajectory. As a first step, simulations
should be carried out in SIMION to verify the concept.
Finally as the RFEA has shown real potential as a mass-detector from
measurements taken in an Ar-He discharge this could be exploited by using a
peak detection algorithm which cross references the IED peaks with a library
of IEDs of various masses in a process control environment.
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APPENDIX A
Process control
Flow rate experiments using analogue signals from the mass spec-
trometer
Initial testing of the controller was performed with the mass spectrometer
and the response to changes in O2 flow rate were monitored. O2 flow was
varied from 0 - 20 sccm with Ar flow fixed at 180 sccm and ICP power at 100
W as shown in figure A.1. VO is measured directly whereas VO2[difference] is
the O signal inferred from the difference in the VO2 signal when the plasma
is on and the VO2 signal with the plasma off. The plots obtained for VO
and [VO2off - VO2on ] v’s a step in flow, are not the same. f [VO2off - VO2on ]
should equal VO as a result of dissociation when the plasma is ignited. The
difference plot is more linear than that of VO and there is an offset between
the two plots which increases with flow rate. Atomic oxygen resulting from
dissociation of the neutral gas is in the mass spectrometer together with that
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Figure A.1: Voltage response for a stepped increase in molecular oxygen flow
rate from 0-20 sccm, at ICP power 100 W and a fixed Ar flow rate of 180 sccm.
coming from the discharge would yield a greater signal than the difference of
the molecular signal alone (see figure A.1).
Residence time as a function of gate valve position
Figure A.2 shows the estimated residence times as a function of gate valve
position.
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Figure A.2: Residence times estimated from the static and dynamic measure-
ments.
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APPENDIX B
RFEA models
B.1 Peak separation (∆E) models
Edelberg et al Model [68]
∆E =
(
4eVrf
3efrfds
)
(B.1)
Benoit-Cattin and Bernard’s Model [81]
∆E =
(
8eV˜s
3ωds
)(
2eV¯s
mi
)1/2
=
3eV˜s
pi
(
τrf
τi
)
(B.2)
Kawamura et al Model [71]
∆E =
(
8eV˜s
3ωds
)(
2eV¯s
mi
)1/2
=
4eV˜s
pi
(
τrf
τi
)
(B.3)
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B.1 Peak separation (∆E) models
Sobolewski et al Model [87]
∆E = eVpp
[
1+
(
2.25τi
T
)2]−1/2
(B.4)
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